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To SALLY
foIl all her encouragement
I am being driven forward
Into an unknown land
The pass grows steeper,
The air colder and sharper.
A wind from my unknown goal
Stirs the strings
Of expectation.
Still the question:
Shall I ever get there?
There where life resounds,
A clear pure note
In the silence.
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Vginrken
AB S TRACT
The potential value of core analysis in hydrogeology
is critically examined in the light of the results of a
systematic study of the porosity, density and inter-
granular permeability of the Permo-Triassic sandstones in
the United Kingdom, based on the examination of 3500 test
specimens.
The Thesis begins with an account of the stratigraphy
of the sandstones, illustrated by 51 vertical sections.
This is followed by a description of the distribution and
nature of the samples tested.
The principal experimental methods employed were the
liquid resaturation technique for measurement of porosity
and density, and a gas permeameter was used to determine
intrinsic permeability. Equipment systems are described
which enable large numbers of samples to be handled rapidly.
An improved water permeability test system incorporating
sterilising filtration is described and tentative proposals
for automated instrumentation are presented. The centri-
fuge method of measuring specific yield is re-examined.
The test data are analysed in two ways: a) by making a
detailed comparison of the lithology and physical properties
of the test specimens, and b) by considering the porosity
and permeability data as probability distributions. The
second method permits the aquifer properties of the various
sandstone subdivisions in different parts of the U.K. to be
quantitatively compared for the first time.
The parameter "primary" transmissivity is introduced
to describe the intergranular component of transmissivity.
Values for this parameter are compared with values for
"total" transmissivity derived from analysis of pumping
test data from six localities in widely differing hydro-
geological environments. It is suggested that this
comparison allows some general conclusions to be drawn
about the relative importance of intergranular flow in
sandstone aquifers.
A further comparison is made of the permeability and
transmissivity of British and German Triassic sandstone
aquifers on the basis of data published by Hauthal (1967)
and Durbaum, Matthess and Rainbow (1969).
The study was deliberately intended to be of a general
nature, so as to provide a firm basis for future me
detailed work on the hydrodynamic behaviour of sandstone
aquifers in the United Kingdom.
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PLATES
PLATE 1	 A. Shingle facies of Bunter Pebble Beds expos...d
at Dunnings Gravel Works, Huntington near
Cannock, Staffs. Beds of very coarse sandy
pebble beds are intrbedd3d with thin
lenticles of coarse sand. Scale marks at
30.5 cm intervals.
B. Lenticle of sand-free shingle in Bunter Peoble
Beds at Dunnings Gravel Works, Huntington ne.r
Cannock, Staffs. Note the large voids beLween
the pebbles. Scale marks (left-hand edge) are
at 1 cm intervals.
PLAT 2
	 A. Lenticular sandstone in Bunter Pebble Beds at
Dunnings Gravel Works, Huntington near Cannock,
Staffs. Note irregular jointing and incipient
vertical fracture possible caused by subsidence
due to underground coal working. Scale marks at
30.5 cm intervals.
B. Medium to coarse grained cross-stratified Lower
Keuper Sandstone showing 'catbrain' structure
(cavities) seen at Burcot, near Bromsgrove,
Worcs. Scale marks at 30.5 cm intervals.
PLATE 3
	 A. Large scale cross bedding in Lower Mottled
Sandstone at High Rock, Bridgnorth, Salop. The
deposits are interpreted as fossil barchan
dunes.
B. Smaller scale cross bedding in Lower Mottled
Sandstone at Kinver Edge, Worcs. The marked
laminations in this sandstone can be made out
clearly in the lower left-hand corner of the
picture.
PLATE 4
	 A. The cemented facies of the Bunter Pebble Beds
seen near Bridgnorth in Shropshire. The rock
is a hard co.iglomerate and in this form
contrasts strongly with the loose shingle of
Cannock Chase(cf. Plate 1A and B).
B. Bunter Pebble Beds resting unconformably on
Lower Mottled Sandstone at Rindleford, near
Bridgnorth, Shrops'nire. The irregular plane
separating cross stratified pebbly sand above
from finer grained sand below is strikingly
shown. In the opinion of many people, at the
present time, this unconformity represents the
base of the Trias in the English Midlands.
The lower sandstone in the picture is, therefore,
Permian in age.
PLATE 5
	
A. Massively bedded Grinshill Sandstone, seen
at Grinshill, near Clive, Salop. This is a
passage bed, locally developed between the
Upper Mottled Sandstone and the Keuper
Waterstones in S'nropshire. No distinct
junction between the two formatiocis exists
in this area.
B. A typical exposure of the Bunter Peble Beds
in Nottinghamshire at Ricketts Lane, near
Blidworth. Note the scarcity of the pebbly
layers and the cyclic nature of the rather
thin cross stratified units. The formation
is deeply weathered in this area, and
exposures of this magnitude are comparatively
rare.
PLATE 6
	 A. Upper Mottled Sandstone seen at Thurstaston
Hill, Wirral, cheshire. In this section, the
rock displays red and yellow mottling and
the low amplitude cross stratification typical
of the formation. The upper part of the
section is almost flat laminated and there is
a lack of vertical jointing. Scale length is
1 metre.
B. High angle silicified fracture zone in Upper
Mottled Sandstone, Thurstaston Hill, Wirral,
Cheshire. These zones of sandstone with very
reduced permeability and increased density
exhibit striking differential weathering in
surface exposures and may be traced for
several hundred metres. Scale length is 1 metre.
PLATE 7
	
A. The lowest merrther of the Permo-Trias sequence
on Edenside, the Brockram, seen here at
Burrells near Appleby, Westmorland. The
majority of the larger visible fragments are
of Carboniferous Limestone, of local origin.
The rock is exceedingly hard and relatively
unjointed. Scale marks are at 30.5 cm
intervals.
B. Penrith Sandstone in Bongate, Appleby
displaying large scale cross bedding
attributed to an aeolian origin. Compare
with Plate 3A. Scale marks are at 30.5 cm
intervals.
PLATE 8
	
A. Section in Penrith Sandstone parallel, to
strike of cross stratification Hilton
Beck, Appleby, Westxnorland.
B. Section in Penrith San.stone parallel to
dip of cross stratification near Cliburn,
Westmorland. Scale marks in both plates
at 30.5 cm intervals.
PLATE 9	 A. Silicified zone in Penrith Sandstone near
Edenbridge, Temple Sowerby, Westmorland
showing hard rock appearance and high
angle jointing. Scale marks at 30.5 cm
intervals. These zones are typically sheet-
like in form and their presence is
accentuated by differential erosion (cf.
Plate 53)
B. Marked cross bedding in a face of
uncernented Penrith Sandstone at Commonholm
Scar, near Westmorland. Scale marks at
30.5 cm intervals,. Coiipare with Plate 8A
in the same formation.
PLATE 10	 A. St.Bees Sandstone seen near Hilton village,
Appleby, Westmorland. Note degree of
consolidation and marked bedding plane
fissures.
B. St.Bees Sandstone at Croglin, Cumberland.
Note rather massive flat laminated bedding
with few gaping fissures or joints. Scale
marks in both plates at 30.5 cm intervals.
PLATE 11	 A. Kirklinton Sandstone seen in the banks of the
River Irthing at Rule'nolme Bridge, near
Brarnpton, Cuntherland. This soft red sand-
stone at the top of the St.Bees Formation is
markedly cross stratified. Face height is
approximately 2 metres.
B. Exposure of Annan Sandstone in the banks of
the Anrian Water at Robert the Bruce's Cave,
Kirkpatrick Fleming, Dumfries-shire. Compare
with St.Bees Sandstone in Plate 83 to which
this formation is laterally equivalent. Face
height is about 8 metres.
PLATE 12	 A. The breccia facies of the Permian Sand -
stone of Dumfries seen at The Creags, near
Dumfries. Note the thin sandstone
lenticles and general absence of vertical
joints. Scale marks are at 30.5 cm
intervals.
B. Cores from the No.2 Borehole at Dumfries
Factory. Both indurated sandstone and coarse
polygenetic breccia is shown fron various
levels (marked in feet). Note the massive
nature of the breccias and the rather thin
bedded nature of the sandstone. Total
length of the scale is 1.8 m.
PIATE 13	 A. Permian Sandstone at Kriowehead Quarry,
Locharbriggs, Dumfries. The formation is
worked for architectural masonry soie in
deep flooded pits. The water level is a
regional pressure surface reduced by about
1 m by pumping.
B. Bunter Sandstone seen near Ardtrea,
Dungannon, Co.Tyrone, Northern Ireland.
The sandstone beds are mainly flat laminated
and are divided by numerous mudstone
partings well displayed in this section.
PLATE 14	 A. Storage drawer showing contents of ninety-
six 25 mm nominal diameter test plugs. Some
3500 of these plugs and the data thereon
provided the basis of the work reported here.
B. Liquid Resaturatio.i System used forthe
measure-aent of porosity. Tap water passing
the dioniser (right) is collected in the
bell jar. Test plugs placed in the PVC
baskets (lower left) in batches of 25 or 50
acre evacuated using the vacuum line (left)
and resaturated under vacuum with water drawn
from the bell jar.
PLATE 15	 A. Mk.III Water P?rmeability Testing System.
The layout is as shown on Text fig.42.
B. I.G.S. - BP Gas Permeameter showing Fanc'ier
core-holder with rubber sealing sleeves and
sample in place, pressure manometers and
discharge rotameters, and Fortran data entry
sheet.
PLATE 16
	
A. The Meas..aring and Scientific Equipment Co.
Mistral 2L Refrigerated Centrifuge used
for determinatioj-is of centrifuge specific
yield.
B. Internal view of angle head assembly for
centrifuge specific yield experiments.
Three of the trunnion cups have been
uncovered to show a test plug of sandstone
in position for the test (at left), an
empty stainless steel crucible witri
perforated base (c.antre) and the perforated
support on which the crucible rests (right)
CHAPTER ONE : Introduction
CHAPTER ONE:	 INTRODUCTION
The term "core analysis" is used to describe the
determination, by analytical methods, of the physical
properties of reservoir rocks containing hydrocarbons, the
chemistry of the various fluids they may contain and the
physics of single or multi-phase fluid flow through them
under both static and dynamic conditions. Ground water
flow merely constitutes the special case in which the
reservoir rock contains only two phases, air and water;
below the water table or in a confined aquifer, this
reduces to the simplest case of single phase flow of water
alone.
The principal core analysis techniques which have
potential value in hydrogeological studies are naturally
those concerned with the evaluation of the permeability of
reservoir rock to fluids, particularly water, the measure-
ment of porosity or the volumetric storage of the reservoir
and the determination of the rate of movement of the liquid
phase (water) in the presence of a gas phase (air). The
two-phase flow problem, long familiar to petroleum engineers
who use the term "relative permeability" to describe it,
appears in hydrogeology in the unsaturated zone where a
normally static gas component controls a dynamic fluid.
(, '
The hydrogeologically important condition of specific yield
can be considered to be the end point of the process, and
this property has no direct counterpart in the petroleum
reservoir system. In the present study,hDwever, an attempt
has been made to discover new ways of measuring specific
yield rapidly and accurately in the laboratory.
In 1966,the writer began a 4-year research project in the
Hydrogeological Department of the Institute of Geological
Sciences to investigate to what extent core analysis studies
could be used to quantify the aquifer properties of granular
water-bearing formations, and this thesis summarises the
results of this udy. aquifer properties are taken to
include principaUy transmissivity and coefficient of storages
and specific yield. The most suitable British aquifers on
which to undertake the work appeared to be the Permo-Triassic
sandstone formation which is well developed in many parts of
the U.K. (See Fig.l) These rocks comprise considerable thick-
nesses of friable, red sandstones of continental origin
disposed in deep, often fault-controlled basins and commonly
resting uncomformably on a very uneven Upper Palaeozoic floor.
These sandstones are particularly promising for aquifer
evaluation using core analysis on account of their high micro-
scopic (or intergranular) permeability which appears to
contribute significantly to their transmissivity.
(2)
lAP SHOWING DISTRIBUTION OF PERHO4RIASSIC SANDSTONES IN THE U.K.
Yet the study of their physical properties has received
very little attention, in spite of the fact that for well over
100 years the sandstones have been used as a very prolific and
reliable source of ground water, principally in the Midlands
and North west of England. In the more permeable parts of the
formation, wells of 300 m depth commonly produce water at a
rate of 5000to 100,00 in 3 a day and currently the sandstones
yield about 20% of the total ground water pumped in this
country (meson, 1970).
There is surprisingly little published aquifer property
data on these formations, despite the fact that simple measure-
rnent techniques have been devised for many years. Here mention
should be made of the work of Howell and his associates of the
University of Manchester, whose studies of permeability
variation in the Triassic sandstones of South Lancashire have
been presented in a number of recent papers (see Crook and
Howell, 1970 and Bow, Howell and Thompson, 1970) . In south
west England, also, the ground water hydrology of the Trias has
been studied by Sherrell, 1970. Apart from these publications
there is very little published data available, in spite of the
fact that the formations are well exposed in many localities
and there has been no shortage of core material from new water
wells, as even today many production holes are drilled using
the old fashioned, but relatively inexpensive, rotary-shot
system. One possible explanation for the lack of published
data may lie in the fact that, for commercial reasos, reports
of results determined for specific projects are likely to
remain confidential to consultants and clients.
In the present study, samples have been examined from
some 500 localities in all the principal areas over which
the British Permo-Trias crops out, with the exception of
Devonshire. These locations have included a significant
number of fully-cored boreholes, sections in tunnels and
mines, and naturally a great number of surface exposures,
both natural and artificial. All the specimens have been
subjected to core analysis in a standard manner. For stat-
istical reasons described later, it was essential to develop
a testing system which was rapid and could accommodate large
numbers of standard specimens. Although these design
criteria have always been very important in core analysis
instrumentation, modifications to techniques were
inevitably found to be required to overcome various
experimental problems such as the poor cohesion of many of
the sandstone samples.
The study developed into an attempt at a comprehensive
analysis of vertical and lateral variation in the aquifer
properties of the Permo-Triassic sandstone sequence, with
the objective of producing a sound basis on which to predict
the water yielding characteristics of these aquifers in areas
where ground water development has not yet taken place. The
principal results sho.ild be considered primarily in a hydro-
geological context, although the data may also be of use in
the allied fields of civil and petroleum engineering.
(4)
CI{APTER IWO : Stratigraphy of the Permo-Triàssic
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CHAPTER TWO: THE STRATIGRAPHY OF THE PERMO-TRIASSIC
SANDSTONES OF THE UNITED KINGDOM
2.1. INTRODUCTION
Certain characteristics become particularly important
when rock formations are being considered as aquifers. By
virtue of the fact that most rock formations are to some
extent indurated and cemented, a considerable vertical
thickness is necessary in order for tzansmissivity and
storage to be high, especially in those formations which have
been relatively unaffected by structural deformation. In
this respect, vertical homogeneity is also desirable.
Secondly, the rock aquifer should display minimal lateral
facies change such that reasonable uniformity of conditions
of flow exist within several square miles of outcrop.
In general, and this applies to both fissured and
microscopically permeable formations, the concept of three-
dimensional continuity is very important in the assessment
of a formation as an aquifer. Provided the formation
possesses continuity to a significant degree, then it can be
developed as an aquifer in a rational and scientific manner
in preference to development on a purely speculative basis.
It is suggested that the concept of continuity can be
usefully applied in the study of Permo-Triassic sandstone
formations in the United Kingdom, which in some areas have
not yet been developed as aquifers for groundwater supply.
In the following stratigraphic account and the accompanying
diagrams (Figs .2-11), particular consideration has been
given to the nature and extent of vertical facies change and
thickness variation in these rocks. This immediately brings
forward the problem of stratigraphic correlation in the Permo-
Trias of the U.K., which in the virtual absence of macro-
fossils becomes an extremely difficult task. The correlatioci
has to be tackled on the basis of lithology alone, and clearly
this is fraught with dangers, if a satisfactory time-
stratigraphic correlation is to be attempted. In hydro-
geology, however, it is lithology which is important from the
outset, and the fact that a continuous body of sandstone may
be of a slightly different age in different areas is of little
economic significance.
The problem of developing a completely satisfactory
chronostratigraphy for the Permo-Trias in the U.K. has been
the subject of a large number of scientific papers and books
published since the middle of the nineteenth century, and the
reader is referred particularly to the work of Hull (1869),
Sherlock (1926, 1928 and 1947), Hollingworth (1942) and
Wills (1956). The most recent publications on the subject
are the papers contributed to the Geological Society of
London's Symposium on the Triassic L?Ocks of Great Britain
held in 1967. Those principal conclusions which are of
interest to this hydrogeological study have been summarised
in Chapter 8 (p.241), where broad differences in the aquifer
properties of Triassic sandstone aquifers in Britain and
Germany are discussed. The correlation diagrams (Figs.2-ll)
are primarily intended to illustrate the general succession
and thickness variation of the Permo-Triassic sandstones.
The basis is completely lithological and the sequences have
been drawn up using the generally accepted classification at
the time of writing. To produce them, the geological
literature has been thoroughly examined and many opinions
sought, both within the Institute of Geological Sciences and
elsewhere. Two common datunis have been used:
i) the base of the Keuper in most of the English areas
ii) the base of the Triassic in northern England,
Scotland and Northern Ireland.
With regard to the first, the base of the Keuper appears to
be a horizo..i widely recognisable in the field but its
adoption here as a datum is not intended to suggest that it
represents, in all areas, the same instant of geological time.
It is being used as a lithological datum. Similarly with the
second horizon, the base of the Trias in the northern regions
of the U.K. is noi thought most probably to lie within or
near the top of the St.Bees Shales, which are widely accepted
as passage beds. This conclusion is largely based on the
apparently transitional nature of the St.Bees Shales,
(Hollirigworth, 1942) and on the behaviour of the Bunter
Sandstone which passes, not into the Penrith Sandstone, but
into the higher St.Bees Sandstone as it is traced northwards
from Lancashire into Cuntherland.
I -,
Similarly in Northern Ireland, it is suggested (Manning,
personal communications) that the base of the Trias
probably lies within the so-called Bunter Marls. These
problems do not occur in the South of Scotland outcrops,
where all the sandstones and breccias under consideration
here appear to be quite definitely of Permian age, except
on the Isle of Arran where a local lithological junction
at the base of the Trias has been defined by Gregory (1915)
and Tyrrell (1928),
Figs. 2-11 illustrate that the Permo-Triassic sand-
stones possess over wide areas, the three-dimensional
continuity considered essential in a relatively undeformed
aquifer. It is hoped that the experimental physical
property data which appears in a later section of the
Thesis will reinforce this conclusion.
For the d3scription of the stratigraphy of the
formation, the outcrops have been grouped for convenience
into the following 10 Areas, shown in fig.1 , each of
which are characterised by distinct facies:
AREA 1: South Staffordshire, Birmingham and
Warwickshir e
AREA 2: SoLith Derbyshire and Nottinghamshire
AREA 3: Bridgnorth-Wolverhampton
AREA 4: Mid-Cheshire and Shropshire
AREA 5: North Cheshire, Merseyside and south
Lancashire
(8)
AREA 6: Yorkshire and Durham
AREA 7: North Lancashire and west Cumberland
AREA 8: Vale of Eden and Carlisle Basin
AREA 9: South of Scotland
AREA 10: Northern Ireland.
Reference to both fig.1 and figs.2-ll enables a general
view of the thickness and lithological variation over the
whole country to be rapidly obtained. Certain of the
stratigraphic columns fall just outside the Area inwhich
they have been included; because of continuous lithological
variation, it is difficult to ascribe hard and fast bound-
aries to the Areas, except for the practical purpose of
considering samples as discrete groups.
2.2. AREA 1: SOUTH STAFFORDSHIRE, BIRMINGHAM AND
WARWICKSHIRE (fig. 2)
Comparison of fig.2 with figs. 4 and 5 demonstrates
that although the Triassic rocks in the Birmingham district
form a major element in the structure and topography of the
area, the sequence is in reality quite thin. It does,
however, have a sufficiently high transmissivity to render
it very important in ground water supply.
The thick LOWER MOTTLED SANDSTONE of the Severn Valley
is entirely lacking in this area. It cannot definitely be
established whether its absence is total or whether it was
removed by erosion before the deposition of Bunter Pebble Beds
on the area east of the western boundary fault of the south
Staffordshire coalfield.
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Further east, yellow pebble free sands proved underground
at the base of the Pebble Beds in the Burton-on-Trent area
were named Littleworth Beds, by Wills (1948) and they may be
a local representative of the Lower Mottled Sandstone.
The BUNTER PEBBLE BEDS form the base of the sequence
over much of the greater part of this area, and commonly
rest uriconformably on Upper Carboniferous red beds, or on
Coal Measures where they often cause seepage problems in
underground workings (Bailey 1909-10, Staley, 1944). They
consist typically of pebbly red or brown sandstone, or
partially unconsolidated quartzose gravel which reaches its
maximum development on Cannock Chase (see PLATES 1A, lB and
2A). The pebbles exceptionally reach 300 mm. in length. In
the Burton-on-Trent area, the beds tend to be of finer grain
and coarse bands of shingle are absent (Stevenson and
Mitchell, 1955) . The formation thins rapidly southwards and
disappears south of Tamworth, the erosion apparently having
taken place in pre-Keuper times.
The UPPER MOTTLED SANDSTONE appears to have been
deposited in a much smaller basin than the Pebble Beds, since
it is absent east of Birmingham (see fig.2) . It underlies,
however, a large part of that city, and on account of its
uniform grain size, it has been used extensively as a
moulding sand in the Black Country. In lithology, it is no
different from that exposed in the type area (Area 3).
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A. iA I : Shingle facies of BU.TiR PEBBLE BEDS exposed at
Dunning's Gravel iorks, Huntington, near Cannock, Staffs
PLATE 1
B. AREA I : Lentiole of sand-free shingle in BUi1TJ2 PEBBLE
BEDS at Dunning's Gravel iJor1cs, ±iuntington, near Cannock
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PLATE 2
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Keuper beds transgress the underlying Bunter
sequence over most of the area, and in the east, overlap
to rest directly on Coal Measures. The thickness of
sediment deposited, however, is never very great, except
in the west near Bromsgrove, where the Keuper beds may
exceed 450 m (1500 ft.) thickness. T'ne LOWER KEUPER
SANDSTONE rests everywhere unconformably on the Bunter
Pebble Beds or Upper Mottled Sandstone, and commences with
a calcareous breccia and conglomerate group, which is
substantially similar in lithology thro.ighout the area.
These beds pass upwards into coarse grained, open-textured
white, red or brown sandstones, strongly current-bedded; in
the Bromsgrove area, much 'catbrain' is present (see PLATE 2B)
Around the north-eastern edge of Cannock Chase and near
Burton-onTrent massive light coloured free-stones are
developed, with interbedded red mudstones at approximately
the same horizon as the Building Stone Group of Cheshire.
Where the Keuper beds rest directly on Coal Measures as in
east Warwickshire, the sequence is essentially similar.
At the top of the Keuper Sandstone, appear the passage
beds into Keuper Marl which are conventionally termed KEUPER
WATERSTONES. They are not well developed in this area, but
consist of the usual intercalations of hard silty sandstone
with an increasing proportion of red mudstone, exactly as in
the other areas.
t
Finally, within the KEUPER MARL in Warwickshire
appears a very late arenaceo.is development, the ARDEN
SANDSTONE whose base lies about 110 m (350 ft.) above the
base of the Keuper Marl. It is a thin fine grained pale
coloured micaceous sandstone of limited hydrogeological
significance.
2.3. AREA 2: SOUTH DERBYSHIRE AND NOTTINGHAMSHIRE (fig.3).
As fig.3 shows, there is a striking attenuation of
the Permo-Trias sequence in the area bordering the southern
edge of the Peak District. If fig.3 is compared with,, for
example, fig.5 for the Cheshire area, the true extent of
this reduction in thickness can readily be seen. However,
permeability in the relatively thin sequence in Nottingham-
shire is sufficiently high to overcome the effect on
transmissivity of the reduced thickness, and the Bunter
Pebble Beds are a highly productive aquifer in south
Nottinghamsh ire.
The sequence commences with the LOWER MOTTLED SANDSTONE
which is thinly developed in the Nottingham district, reaches
a maximum thickness of about 21 m (70 ft.) near 011erton
(Edwards, 1967) and thereafter to the north is replaced
laterally by the Middle Permian Marl, until it disappears
completely north of Worksop. In lithology, this unit consists
of bright red, soft sand and sandrock of generally rather
fine grain size.
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Narrow seams of angular rock particles and of red marl may
occasionally be seen. Cross bedding is rather poorly
developed. The unit is absent in the area between lsager
and Nottingham, where the Bunter Pebble Beds and Keuper
rocks form the base of the Permo-Trias.
The BUNTER PEBBLE BEDS occur practically throughout
the area and in the west they rest directly on Carboniferous
rocks. They comprise a typical development of soft coarse
conglomeratic sandstones which are soft yellow and light red
in colour at Ashbourne, becoming white at Nottingham. North
of Nottingham, they acquire the normal brownish-red colour of
the other Midland outcrops. Numerous pebbles usually not
exceeding 10 cm. in length occur at various levels in
shallow lenticles. Red siltstone and mudstone bands up to
60 cm. thick also occur locally. The sands are clean and
highly permeable. They possess a feeble coherence and display
a cross bedding of variable intensity (see PLATE 5B). 	 -
Lamplugh et al, (1911) gives values of 12-20° dip in
directions ranging from east to west-north-west. The pebble
content decreases markedly towards the north, until in the
Doncaster area the unit comprises 305 m (1000 ft.) of clean
sands, virtually pebble free.
The Keuper rocks succeed the Pebble Beds without the
usual development of UPPER MOTTLED SANDSTONE which is
completely absent.
(13)
The Keuper sequence is much reduced, but may still be
divided into the three units recognised farther west in the
Cheshire-Shropshire Basin, viz., Keuper Building Stocies
(including the basal Keuper conglomerate) Keuper Waterstones
and the Keuper Marl. Fig.3 indicates how thin and
insignificant the beds are from a hydrogeological point of
view. The KEUPER BUILDING STONES (and CONGLOMERATE)
comprises white freestones with shale or mudstone partings
overlying a white silica-cemented conglomerate, 12 m (40 ft.)
thick at Alton (Hull, 1869). The freestones are typically
soft, porous, white or brownish sandstones. The unit is
scarcely recognisable in mid-Nottinghamshire except as a few
feet of conglomeratic sandstone at the base of the KETJPER
WATERSTONES. This unit comprises a group of passage beds -
"irregular intercalations of mudstone and shale with soft
red to brownish red or whitish, porous sandstones and
compacted pale dolomitic sandstones" (Lamplugh et al, 1911)
The frequency of the sandstone beds diminishes as the
sequence is ascended until the rocks are entirely indistin-
guishable from KEUPER MRL.
2.4. AREA 3: BRIDGNORTH - WOLVERHAMPTON (fig .4)
This district has for a long time been taken as the
type area for the Bunter of the West Midlands (Whitehead and
Pocock, 1947). The triple division of the Bunter beds into
Upper Mottled Sandstone, Pebble Beds a'id Lower Mottled Sand-
stone was first established in this area by Hull (1869)
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Overlying the Bunter rocks and separated from them by a
fairly sharp junction, is a moderately thick Keuper
sequence, in which the lower sandstone member is the
dominant unit.
The LOWER MOTTLED SANDSTONE or DUNE SAND FORMATION
of Shotton (1937) and ñills (1956) is especially well
developed in the Bridgnorth area where numerous excellent
exposures may be seen (PLATES 3A, 3B). It consists of
bright red, mainly fine grained, soft but coherent sandstones
in which the coarsest grains are well-rounded and referred to
as millet seed grains. The formatioci is pebble-free and
highly sorted (Shotton, 1937) . Frequent b1otc'es or bands
of greenish colour may occur. It displays large scale cross-
stratification with sets commonly 6-9 m (20-30 ft.) thick,
and cross-dips of up to 300 in directions ranging from NW
through W to SW. Shotton's view (1937) that the major part
of the formation in this district represents partially
compacted barchan dunes is now generally accepted. Whetner
this is true ocitside the middle Severn Valley is more open
to question, as this unit of the Bunter seldom shows such
well developed large scale cross-stratificatioi elsewhere.
The succeeding BUNTER PEBBLE BEDS were laid down on a
considerably eroded surface of Lower Mottled Sandstone (see
PLATE 4B). which, in places, shows evidence of fluviatile
action.
(15)
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The Pebble Beds comprise pale grey, calcite cemented, basal
breccias (PLATE 4A) overlain by brownish red, coarse
grained, weakly cemented sandstones which are pebbly in
places. The breccias are lenticular in form, and may show
rapid lateral variation in grain size. Some thin bands of
red marl occur locally. The Pebble Beds are thought at the
present time to be wholly of fluviatile origin, transported
and deposition by flood waters from desert rain storms in
basins resembling present-day wadis. The Pebble Beds
present special problems of groundwater flow which will be
referred to in a later chapter.
Above the Pebble Beds, a second thick sandstone occurs,
the UPPER MOTTLED SANDSTONE, which is not preserved in the
Bridgnorth area, but crops out further east, especially in
the vicinity of Wolverhampton where the thickness may reach
305 m (1000 ft.) locally. This unit comprises bright red,
fine grained laminated sandstones, weakly crossbedded with
low-angled laminae. It is pebble free and shows frequent
streaks or blotches of yellow or green, in the same manner
as the Lower Mottled Sandstone. The patches have been shown
to contain iron in the reduced or ferrous state (Fe)
(Travis and Greenwood, 1911 and 1915), but they, rather
surprisingly, bear no relation to the stratification, nor
appear to be controlled by local permeability. The grains
are well rounded and highly sorted, though not to the same
degree as the Lower Mottled Sandstone.
In this district, the sandstone appears to be conformable
to the Bunter Pebble Beds. Owing to the lower angle of
cross-bed dips (seldom greater than 12-15°), Lhe foimation
is thought to be of shallow water fluviatile origin.
Towards the top of the Upper Mottled Sandstone, occur
some 12 m (30-40 ft.) of transition beds, bands of sandy marl
with interbedded sandstones containing 'millet' seed grains
and of a calcareous nature. The millet seed sandstones
eventually disappear completely as the base of the LOWER
KEUPER SANDSTONE is reached. In the Bridgnorth-Wolverharnpton
area this sandstone consists of buff to brownish, coarse
grained, friable sandstones, quite commonly calcareous. They
may be conglomeratic in this lower part and contain numerous
marl flakes which break up and drop out of the rock on
exposure, leaving a highly distinctive appearance described
as 'catbrain' structure. White sandstones with intervening
red marls are common towards the top. Cross-stratification
is widespread, sometimes in units up to 3-6 m (10-20 ft.)
thick.
A sharp junction occurs at the top of the sandstone
with the overlying Keuper Marl; these red flaggy siltstones
and mudstones, which become entirely dolomitic in the upper
part, follow the sandstone conformably and complete the
Permo-Triassic sequence in this district.
The thickness variation of the unit is shown in fig.3.
An important feature is the easterly attenuation of the
Lower Mottled Sandstone as the western boundary fault of the
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A. AREA 3 : The cemented facies of the U1TER PBI BEDS
seen near Bridgnorth, Shropshire.
PLATE 4
B • ARE? 3 : BUNTER PEBBLE BEDS resting unconformably on
LOJER MOTTLED SANDSTONE at Rincileford, near Bridnorth,
Sbxoo shire
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South Staffordshire Coalfield is reached. This unit is
not present to the east of the coalfield, but the Barr
Beacon Beds and other similar breccias which occur at the
base of the Bunter Pebble Beds may be lateral equivalents
of the Lower Mottled Sandstone.
2.5. AREA 4: MID-CHESHIRE AND SHROPSHIRE (fig.5)
In many respects, the Permo-Triassic sandstone
succession in this area can be considered to be transitional
in facies between the classic tripartite Bunter formation of
the Severn Valley (Area 3), and the much thicker but more
consolidated succession of north Cheshire and south
Lancashire (Area 5).
The major elements of the sandstone series are well
represented, but each is subject to particular variations in
facies and thickness. The basal LOWER MOTTLED SANDSTONE
rests everywhere unconformably on late-Carboniferous rocks.
As it is followed towards the north, the large scale dune-bedding
tends to be less prevalent, the formation becoming a cross-
stratified sandstone - mudstone sequence with millet seed
grains segregated on the interbed surfaces. Commonly, the
bedding is comparatively thin in units only a few centimetres
thick.
The total thickness of the sandstone is subject to
great variation.
(18)
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According to Hull (1869) and Pocock and Wray (1925) it is
completely absent between Market Drayton and Whitmore (Salop)
where the overlying Bunter Pebble Beds overlap it to rest on
the Keele Beds directly. It is also absent east of Stafford
in the Stone area where it is difficult to prove whether it
was ever present.
Fig.5 indicates that it shows a tendency to thicken
towards the north from Newport to Chester and Nantwich.
Current views consider that the lower part of the sandstone
is quite probably of Permian age, since it can be traced
laterally into sandstones, lithologically identical and
	 -
continuous with the Collyhurst Sandstone of the Manchester
area (Poole and Whiteman, 1966).
The succeeding BUNTER PEBBLE BEDS which in places rest
with slight unconformity on the Lower Mottled Sandstone,
exhibit great lithological variation, and reference to fig.5
again shows that the thickness tends to increase northwards.
In general, the conglomerate and coarse sandstone sequence of
the Severn Valley continues into this area. However, the
formation consists of shingle beds only on the high ground
to the east of Stafford, and in the Market Drayton area. In
both districts, the calcareous cement so characteri&tic of
the Bridgnorth district is absent and the conglomerate is
usually poorly consolidated. Elsewhere, a more common
lithology is displayed, coarse cross stratified reddish brown
sand tones, with pebbles interspersed throughout in variable
quantities.
Towards the north, the term "Pebble Beds" becomes more and
more of a misnomer as beds of massed shingle and even thinly
scattered pebbles may be apparently completely lacking. In
the Nantwich area, Poole and Whitman (1966) have described
rhythmic bedding in	 the middle Bunter. A typical cycle
commences with a coarse pebble conglomerate which passes up
into sandstones without pebbles; the grain size continues
to decrease upwards until the uppermost bed of the cycle
consists of a red mudstone, which is overlain by the basal
conglomerate of the next cycle. The conglomerates are
commonly lenticular and suggest strong current action during
deposition. It is the gradual appearance of mudstone in the
Pebble Beds whicl-i so clearly distinguishes this area from the
other Midland outcrops.
The UPPER MOTTLED SANDSTONE reaches its greatest known
thickness of about 430 m (1400 ft.) in the Tarporley area
(Hams and Horton, 1969) in the middle of the Cheshire Basin.
The formation thickens steadily towards this basin, and is
consequently thinnest in the extreme south in the Shrewsbury-
Newport district (see fig.5). It is conformable to the
Pebble Beds and relatively uniform in lithology, resembling
in many respects the Lower Mottled Sandstone, but some local
facies changes occur in West Shropshire. Here, the upper
beds of the Upper Mottled Sandstone and the lowest beds of the
Keuper coalesce into a single unit, termed the Ruyton or
Grinshill Sandstone (see PLATE 5A), which has long been used
as a building material.
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According to Pocock and Wray (1925) the Keuper and Bunter
boundary must be within the Ruyton or Grinshill Sandstone,
although in the absence of any faunal evidence, it is
difficult to see why the base of the Keuper should not be
put at the base of this local unit. From a hydrogeological
point of view, the Ruyton or Grinshill Sandstone would
appear to have relatively uniform physical properties and
should be considered as a separate entity.
The Upper Mottled Sandstone is absent to the east of
Stafford where lowest Keuper rocks rest directly on the
Pebble Beds. Near Malpas, some local barytes cementation
is developed, and in places over the whole area silicified
joints have been observed. The influence of these on ground
water movement through the sandstone will be examined in a
later section.
The detailed stratigraphy of the succeeding KEUPER
beds is complex, since both vertical and horizontal changes
in facies occur rapidly in the area. The relatively uniform
Lower Keuper Sandstone unit of the West Midlands appears to
split as it is traced northwards into three sub-divisions
which can be broadly recognised over wide areas although they
are not necessarily developed at the same level in different
places.
(21)
The basic tripartite division is:
i) Keuper Waterstones
ii) Keuper Building Stones
iii) Keuper Basement Beds (with Keuper Conglomerate)
It is not considered appropriate here to go into the
detailed stratigraphy of this sequence of beds which, at the
most, comprise only about 3/ of the total thickness of
Permo-Triassic sandstones in the area, and of which the
upper third, the Waterstones, comprise in the main, red mud-
stones, siltstones and thin bedded sandstones of very low
intergranular permeability and low storage capacity. Fig.5
summarises the chief facies changes of these beds, together
with the thickness variation.
The BASEMENT BEDS comprise reddish-brown conglomerates
and local breccias passing up into fine to coarse grained
sandstones with minor bands of red or green mudstone. The
conglomerate horizon is almost certainly a horizon of minor
unconformity as it overlaps other basal Keuper Beds in places.
The Basement Beds appear to be absent in the west Shropshire
area referred to above (Pocock and Wray, 1925) and east of
Stafford where the lowest Keuper beds are cross stratified
medium to coarse sandstones of a striking pale brown or
yellow colour (Stone area).
The BUILDING STONES comprise the upper part of the
Ruyton and Grinshill Sandstone, already referred to.
Elsewhere, they consist of the uniform yellow, white or
brown freestones with shale partings, which intervene between
the Basement Beds and the Waterstones.
This very thick sequence of water bearing rocks ends
with the appearance of the WATERSTONES, which are in reality
passage beds between Keuper Sandstone (sensu lato) and Keuper
Marl. They are most extensively developed in Cheshire, where
yet another sandstone intervenes between the top of the
Waterstones and the overlying Keuper Marl (Malpas Sandstone).
In general, however, the Waterstones mark the end of the long
period of sand deposition in the Midland area, and everywhere
else they pass gradually upwards into KEUPER MARL.
2.6. AREA 5: NORTH CHESHIRE, MERSEYSIDE AND SOUTH
LANCASHIRE (fig.6).
In this area, the facies changes which have been
already noted in Shropshire, continue to develop, and
towards the north there is evidence of even further facies
transition. Fig.6 shows the sequences at six localities in
this area, and it indicates that only in the Wirral and
Runcorn district can the tripartite division of the Bunter
be observed. Elsewhere, the subdivisions merge into a
single indivisible unit of Bunter Sandstone, underlain by the
characteristic Permian sequence of the Manchester area.
This sequence begins w.th the COLLYHURST SANDSTONE; a
deep red, soft sandstone with numerous millet seed sand
grains, from which no pebbles or conglomerates have been
recorded.
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IIt resembles very closely parts of the Lower Mottled
Sandstone and the Penrith Sandstone. Like the former, it is
subject to very rapid local thickness variation, formerly
attributed in the Manchester area to fault ntro1 during
sedimentation (Jones et al, 1938), but more probably due to
natural geographic variation in thequantity of sediment
available for deposition (Poole and Whiteman, 1955). The
formation thins appreciably towards the south east flank of
the Lancashire Coalfield, but it has been proved underground
in deep boreholes in the Formby area, where its thickness is
considerably greater than anywhere else. (Wray and Cope, 1948).
In these wells drilled by British Petroleum (Kent, 1948), the
formation comprises medium to coarse grained, grey, white to
brown friable sandstone with conspicuous millet seed grains.
The unit appears to thicken west and south-westwards towards
the Irish Sea.
The MANCHESTER MARLS, which overlie the Collyhurst
Sandstone, are dcnonstrably of Permian age, and consist of a
few hundred feet of red, fossiliferous mudstones with thin
interbedded limestones and siltstones. The mans overlap
the Collyhurst sandstone in the Preston area (Price et al,
1963). Fig.6 shows their thickness variation, and
indicates the considerable development in the Fornthy area
where they have ben proved underground.
I	 i1 \
They disappear altogether west of Runcorn where the
Collyhurst Sandstone merges with the Lower Mottled Sand-
stone, and it is widely thought that probably the lower
part of the Lower Mottled Sandstone over much of north
Cheshire is of Permian age, and is laterally equivalent to
the Collyhurst Sandstone of the Manchester area, which it
very closely resembles.
In the west of the area, the LOWER MOTTLED SANDSTONE
forms the basal unit of the sequence, and rests unconformably
on the Coal Measures. It comprises interstratified fine and
coarse cross-stratified beds of red, yellow or white
sandstone, free of pebbles, with many millet seed grains.
In places, it appears to infill hollows in the pre-Triassic
floor (Wedd et al, 1923).
The succeeding BUNTER PEBBLE BEDS in places appear to
rest on the sandstone conformably (Hull, 1869); elsewhere
they are either unconformable or overlap and rest directly
on Coal Measures or older rocks. This is the case at Cheadle,
Leek and parts of the Stoke-on-Trent district, where coarse,
soft pebbly sandstones and conglomerates with a basal breccia
'are developed. Away from these marginal areas, however, the
grain size of these beds steadily diminishes; near chester
they are coarse brownish red sandstones, streaked yellow in
places with scattered pebbles, but in the Wirral, the
pebbles are seldom abundant and are chiefly restricted to the
harder beds.
At Liverpool, they comprise reddish-brown sandstones of
very variable hardness and texture, sometimes totally lacking
in pebbles. Hard greenish or reddish siltstone beds may
also be present, and the whole unit displays large scale
lenticular bedding with well developed joints. This fades
is in striking contrast to the scarcely coherent shingle
beds of Stoke, Cheadle and Leek.
Above the Pebble Beds, the UPPER MOTTLED SANDSTONE is
strongly developed in the Wirral and west Lancashire where
it reaches a considerable thickness. Characteristically
fine grained, it possesses a variable cementation, and often
shows a thinly bedded flaggy structure, superimposed a-i
cross-stratification (PLATE 6A). It is generally red or
yellow in colour, but hard white or greyish siliceous veins
are locally present in the Wirral (PLATE 6B), trending east-
west, and these may be 'of considerably hydrogeological
significance (see p.163).
To the east and north of Liverpool, the Bunter beds
merge into a single unit, the undifferentiated Bunter Sand-
stone of south Lancashire. In places, for example, Forirby,
the top and bottom of this unit may be characteristically
fine grained, but clear junctions with the coarser middle
interval are virtually impossible to define and subdivision
cannot be attempted.
(26)
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On the flanks of the Lancashire Coalfield, the Bunter
typically comprises well bedded red or yellow, fine to
coarse- grained soft sandstone with, for the first time,
thick beds of red mudstone occurring at intervals in the
sequence. Pebbles are generally very rare and in the
Preston area, the sandstone tends to be medium to fine
grained.
The KEUPER BEDS are strongly represented in the
Merseyside area where the three-fold division of the
Cheshire sequence into Basement Beds (with conglomerate)
Building Stones and Waterstones, can be generally applied.
The BASEMENT BEDS are clearly transgressive at Liverpool and
Ormskirk where a basal conglomerate is seen to rest on an
, eroded Bunter surface. The conglomerate passes upwards into
coarse, hard yellow or pink sandstones with marl pellets and
quartz pebbles (similar to the 'catbrain' lithology of the
West Midlands). Above, the BUILDING STONES are distinct in
the Wirral, consisting of white, yellow and red freestone
with occasional bands of red and grey marl. Further east on
both banks of the Mersey estuary, these beds are softer and
generally resemble the Upper Mottled Sandstone; here they are
given the local name "Frodsham Beds". At the top of this
unit there is the usual abrupt change of grain size as the
WATERSTONES appear, which comprise thin bedded compact
brownish sandstones, siltstones and shales which are often
ripple-marked.
To the east of Warrington, all the Keuper beds have been
removed by erosion, and the Bunter sandstone is the highest
Triassic unit present. To the north of Liverpool, around
the north-western fringe of the Lancashire Coalfield, a
thick Keuper sequence of sandstone and marl is preserved.
There is, however, a tendency for the sandstone to thin
northwards and be replaced by Keuper Marl (compare the Formby
and Preston sequences in fig.6). At Formby, the Keuper
Sandstone contains hydrocarbons but is otherwise very similar
to the Liverpool sequence. Finally, north of Preston, the
Keuper sandstone is completely replaced by the red mudstones
of the Keuper Marl and does not appear again in the sequence
to the north, except in Northern Ireland.
2.7. AREA 6: YORKSHIRE AND DURHAM (fig.7)
The suence of beds already described in Area 2
(South Derbyshire and Nottinghamshire) continues with minor
but progressive changes in lithology as itis traced up the
east side of the Pennines through Yorkshire. Eventually,
the broad outcrop of the Perrno-Trias turns to the north-east
and reaches the coast between Tees-side and West Hartlepool.
To the east, it has been proved to be present at a number of
, locations in deep boreholes, and in recent years has also
been encountered in offshore exploration wells for hydro-
carbons (Kent, 1967).
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Fig.7 indicates four sections through the sandstone
part of the sequence at locations widely spaced alQng the
outcrop. The principal unit of importance in this study
is the BUNTER SANDSTONE, which is commonly referred to as
simply 'Triassic' Sandstone in this area, because it is
thought to be partly of Keuper and partly of Bunter age
(Gray et al, 1969). Its base is commonly transitional with
the underlying Middle or Upper Permian Mans, and no
distinct break in the sequence can be recognised. Fine to
medium grained red sandstones with red and grey mudstone
partings form the main mass of the unit in the Yorkshire-
Durham area. There is a progressive reduction in the grain
size of the formation in a northward direction, and there
appears to be some evidence that this takes place at the
expense of the upper parts of the sequence. In the Tees-
side area, fine grained sandstone is common, and the upper
part of the Triassic sandstone is in reality, siltstone.
Evidence from offshore wells (Kent, 1967), suggests that
grain size also reduces down dip eastwards.
Extensive glacial drift deposits mantle the formation
over most of the outcrop, much of which has low relief. By
reason of this, surface exposures are uncommon, and cored
boreholes are urgently needed to improve our knowledge of
the overall nature of the sandstones, especially in the
Vale of Mowbray.
Towards the top of the sequence the arenaceous beds
may be pale or white in colour. The proportion of mudstone
also increases rapidly and the beds become indistinguishable
from Keuper Marl. The Marl is everywhere developed on the
eastern side of the Triassic outcrop where it is in a
position to confine groundwater in the underlying sandstones.
2.8. AREA 7: NORTH LANCASHIRE AND WEST CUMBERLAND Cf ig.8)
The facies changes which prevail in the south
Lancashire area continue into the north of that county along
the western margin of the Pennines. Fig.8 shows how the
section changes as we pass into Cumberland. The complete
disappearance of the Keuper Sandstone, the lateral pass'age
of Bunter Sandstone into the rather different St.Bees Sand-
stone and the absence of a Permian dune-bedded formation,
are the three most striking featuresof the stratigraphy of
this area.
In the Fylde area, north of Preston, the sequence
commences with red gypsiferous mudstones, usually referred to
in borehole logs as PERMIAN MARLS. These occupy a strati-
graphic position equivalent to the Manchester Mans of South
Lancashire and to the St.Bees Shales of West Cumberland. In
the Furness district, the lowest beds of the sequence, which
rest unconformably on Carboniferous rocks, comprise brockrams,
magnesian limestone and gypsum.
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The term brockram" is used to describe even-bedded well
jointed breccias gene ily composed, to a large extent, of
angular lumps of limestone cemented in a calcareous matrix.
They are common in the basal part of the Permian, in
practically all districts north of Furness, including
Northern Ireland (q.v.). Over most of the district, a thin
a
MAGNESIAN LIMESTONE appears to form the base of the series
(Dunham and Rose, 1941). This is overlain by a cons idera1e
thickness of St.Bees Shales which interdigitates with
brockrams near the junction with the underlying Carboniferous.
In south-west Cuniberland, the St.Bees Shales are closely
associated with two brockram horizons, and with thin inter-
calated plant beds and beds of gypsum and anhydrite. In the
Gosforth area, the shales are sandy in the east along the
edge of the Lake District massif, and they appear to thicken
seawards (Trotter et al, 1937). Near St.Bees, the shales are
again associated with thin brockrams, and they appear to
thicken away from the Palaeozoic massif on the east. For
completeness, the Isle of Man sequence has also been inserted
on fig.8., and it is a closely comparable succession of shale
and brockram developed at the margin of a Lower Palaeozoic
massif.
From a hydrogeological point of view, the Permian	 *
sequences in the area as a whole, are of very little signifi-
cance, principally on account of the virtual absence from
them of sizeable thicknesses of dune-bedded sandstones of
the Penrith type.
The main Permo-Triassic aquifer of the area is undoubtedly
the sandstone lying above the St.Bees Shales or Permian
Mans, which is thought to be of Triassic age. This sand-
stone is referred to as BUNTER SANDSTONE in the Fylde area
where it has been proved in a large number of trial and
production boreholes for groundwater (Law, 1965). Here it
comprises a re]ively uniform sequence of red sandstones of
coarse, medium and fine grain which have a well defined
lower junction with the underlying marls . The beds may
contain small pebbles over short intervals, and rnudstone
bands are common, generally being 15-30 cms (6 in. - 1 ft.)
thick. Exceptionally, the mudstone interbeds may reach 4 m
(13 ft.) in thickness. The sandstones show a variable
degree of induration, which may have been induced by pen-
glacial action.
Between the Fylde and Barrow-in-Furness, the Bunter
beds pass into the ST.BEES SANDSTONE, which closely resembles
the Bunter of north Lancashire, but contains a greater
proportion of mudstone in the form of frequent partings. The
sandstone is typically dull red in colour, of medium grain
and the thinner bedded material is inclined to be micaceous.
Calcareous cementation is coiuuwat depth. The red mudstone
or shale partings commonly separate cross-stratified areriaceous
units. Sandstones of Kirklintorx aspect (see p.3l ), soft and
yellowish in colour, may occur in the sequence towards the top.
The St.Bees Sandstone reaches a very great thickness along
the western edge of the Lake District massif and appears to
have been laid down in rapidly sinking, fault-controlled
peripheral basins. It is over 1000 m (3200 ft.) thick at
Seascale (Gregory, 1915), only a few miles from the junction
with the older rocks of the Eskdale complex.
As in most other areas, with the exception of Scotland,
the uppermost unit of the Permo-Trias in north Lancashire
and west Curnberland, is the Keuper Marl, which differs little
from that encountered elsewhere. It comprises the familiar
dull red dolomitic siltstones and mudstones with associated
evaporite deposits principally rock salt and anhydrite,
which are worked at Preesall, and are known to be present at
depth below Barrow-in-Furness. North-west of Furness, the
Keuper Marl has not been preserved, and the sandstones of
Kirklinton aspect form the top of the succession.
2.9. AREA 8: VALE OF EDEN, AND CARLISLE BASIN (fig.5.)
In many respects, the Permo-Triassic sequence of
Edenside, and in the Carlisle or Soiway Basin, resembles a
greatly expanded version of the west Cumberland succession
already described.
An unconformity is always present at the base of the
formation which rests on an irregular eroded surface of
Carboniferous rocks. Basal breccias are widespread and these
are usually referred to as 'brockrams' both in this district
and in Northern Ireland.
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The LOWER BROCKRAM forms the lower part of the PENRITH
SANDSTONE (sensu lato) and reaches its maximum development
in the Appleby-Kirkby Stephen area. It typically comprises
even bedded to massive, grey breccia in whith 90% of the
fragments are limestone (see PLATE 7A). The pieces tend to
be angular in shape, usually up to 5 cms in length, embedded
in calcareous cement. The beds may show massive jointing,
and this appears to be the only path for groundwater movement
through the formation. In the Appleby-Kirkby Stephen area,
the Lower Brockrarn is overlain by a wedge of copper-coloured
shallow water/eolian sandstone (the PENRITH SANDSTONE, sensu
stricto seen in PLATE 73), which in turn is overlain by the
UPPER BROCKRAM. Both brockrams appear to die out rapidly
north-westw rds; this is undoubtedly caused by lateral
passage into r d sandstone of Penrith-type.
The PENRITH SANDSTONE (s.s.) first makes its appearance
between the two breccias near Warcop, Westmorland. There it
consists of moderately hard, thickly bedded red sandstone
(PLATE 8A). No true bedding planes are generally visible
owing to the presence of large scale current bedding (PLATES
8B and 9B), in the form of lenticular masses and in curved
wedges which have been interpreted as dunes (Dakyns et al,
1897; Versey, 1940). Probably this sandstone was deposited
in a mixed depositional environment of shallow water and
eolian conditions. There are often signs of scooping and
periecorttemporaneous erosion.
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The dip of the cross beds is generally westwards in
agreement with those in the Lower Mottled Sandstone of
the Severn Valley, which the formation strongly resembles.
Shale is noticeably absent.
Traced progressively north-westwards, the Penrith
Sandstone greatly expands at the expense of the brockrams
and shows much lateral variation. Between Appleby and
Penrith, soft half-consolidated cross-bedded red sandstone
is common, much of which consists of thinly bedded
alternations of sandstone and mudstone with millet seed
grains packed on the interbed surfaces, exactly as in parts
of the Lower Mottled Sandstone. In the Penrith district,
there is much secondary silicification (PLATE 9A), and in
places the formation becomes as consolidated and well-jointed
as parts of the Millstone Grit of Derbyshire. Further north-
west, the silicification diminishes and in the Carlisle and
Brampton area, the dominant rock type is soft, medium to
coarse grained red sandstone with millet seed grains.
Breccias appear near the base, but do not form a significant
proportion of the total thickness in these areas. In the
vicinity of the Scottish border, the Penrith Sandstone appears
to be very attenuated, only 10 m (30 ft.) being present in
the section on the River Esk at Canonbie, thought to be
Triassic by Barrett (1942). To the west of Canonbie, it
apparently dies out, owing to overlap by the St. Bees Shales
which rest directly on Carboniferous.
(35)
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PLATE 8
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The ST.BEES SHALES, with the associated beds of rock
salt, anhydrite, magnesian limestone and plant beds, form an
important low permeability barrier between the underlying
Penrith Sandstone and the overlying St.Bees-Kirklinton units.
They are generally interpreted as passage beds between the
Permian and the Trias. It would appear that boreholes
drilled through the shales into the sandstone beneath are
likely to encounter confined groundwater conditions on
Edenside and in the Carlisle area. Fig.9 shows that the
thickness of the shales with their associated beds, is
fairly constant, but it should be remembered that both upper
and lower boundaries are transitional. The main mass of
the shales comprises dull red to chocolate coloured mudstones
with gypsum and anhydrite in bands or nodules.
These mudstones become progressively more sandy and
flaggy towards the top of the sequence, as the ST.BEES
SANDSTONE is approached. This thick sandstone contrasts
strongly with the much older Penrith Sandstone, in that it is
regularly bedded, of finer and more uniform grain size, and
of a slightly darker colour (PLATES 1OA and lOB). The sand-
stone is commonly micaceous and moderately hard, but lacking
secondary silicification. Cross-stratification is not
uncommon, and a shallow water origin is indicated by such
structures as ripple marks and rain pits.
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Reddish-brown shale bands occur throughout, and they maybe
form 50/ of the sequence near the base, decreasing to about
2% near the top (Trotter and Hollingworth, 1932). The
St.Bees Sandstone is widespread throughout the area, and is
represented in the South of Scotland as the Annan Sandstones
of doubtful thickness (shown in PLATE 11B).
No clear junction has been recognised between the
St.Bees and the closely associated KIRLINT0N SAJDST0NE which
overlies it. Indeed, the most realistic reading of the
sequence (Trotter and Hollingworth, 1932) suggests that the
transition from one unit into the next, takes place over
probably 75 m (250 ft.) of strata, which can only be described
as 'passage beds'. The Kirklinton Sandstone proper displays a
lithology which immediately brings to mind the Upper Mottled
Sandstone of the Bridgnorth area - soft, fine grained, bright
red sandstone, showing low angle cross-bedding and with
scattered millet seed grains (see PLATE ilA). Yellow, grey
or white patches are also common, and near the top, black iron-
stained layers have been noted (Dixon et al, 1926); shale is
absent. The subdivision is not preserved in the Annan
district. A fairly abrupt change occurs at the top of the
Kirklinton beds, with the appearance of the red and green
mudstones and siltstones of the STANWIX SHILES, long thought
to be laterally equivalent to the Keuper Marl. 'These beds
are not extensive, except in the central region of the Soiway
Basin to the west of Carlisle, where they are in a position to
confine groundwater in the underlying Kirklinton and St.Bees
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2.10. AREA 9: SOUTH OF SCOTLAND (fig.1O)
In this area, Permo-Triassic deposits are preserved in
a number of small basins. The Triassic part of the sequence
is only preserved on the Isle of Arran, and it seems doubtful
whether the Trias was ever present in the other basins.
The most southerly basin, centred on Dumfries, contains
a thick sequence of breccias, breccio-conglomerates and
sandstones (PLATES 12A and 123), mainly of a deep red colour
resting on Upper and Lower Palaeozoic rocks. On the evidence
of a gravity survey, Bott and Masson-Smith (1960) estimated
the total thickness of Permian deposits to be not less than
460 m (1500 ft.). Coarse locally-derived breccias form the
base of the sequence near the edges of the basin. Towards
the centre, these breccias are split up by numerous massive
cross-stratified sandstone beds, which show a tendency to be
both coarse and indurated (shown in PLATE l3A). Certain beds
resemble the silicified zone of the Penrith Sandstone, but on
the whole, the resemblance between the two formations is not
very close (c.f. Home and Gregory, 1915).
Similar coarse, indurated sandstones and breccias
occupy the basin centred on Lochmaben, but in this case no
estimates of thickness from geophysical data are available,
and the structure has not been drilled. It is probable that
several hundreds of feet of Permian deposits are present,
resting on Lower Palaeozoic rocks unconformably.
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A. ARiA 8: iLKMNTON3ANDSTONE seen in the banks of the
River Irthing, at Ruleholme Bridge, near Branipton,
Cumberland.
PLATE 11
B. AREk 8 : ixposure of ANNAN SANDSTONE in the banks of the
Annan Water at Robert the Bruce 'a Cave, Kirkpatrick
Plerning,Duxnfrios3hire
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Further north, in the upper part of the Nith Valley,
Permian rocks are again encountered in the Thornhill Basin,
where a thin group of basalt lavas resting unconformably on
Carboniferous beds, is overlain by a considerable thickness
of brick-red cross-stratified sandstones. The base of the
sandstone group is irregular as they appear to have been
laid down on a very uneven old lava surface (Simpson and
Richey, 1936). A thin breccia is frequently developed at
the junction. The sandstones show evidence of having been
deposited under arid conditions, e.g. perfect rounding of
larger grains and the often high angles of the planes of
cross-stratification. The finer grained parts of the
sequence, however, tend to be horizontally bedded and
mudstone bands are uncommon.
Some 50 km (30 miles) northwest of the Thornhill
Basin, a large outlier of Permian rocks is preserved in a
shallow syncline near Mauchline, Ayrshire. There the lava
group is greatly expanded, and consists of about 150 m
(500 ft.) of basalt flows with thin intrca1ations of tuff
and red desert sandstone. Resting on this group unconformably,
lies a great thickness of bright red sandstones which show
cross-stratification apparently of eo1ian origin, on an
unusually large scale; the cosets formerly visible in the
Ballochmyle quarries reach a thickness of the order of 15 in
(50 ft.).
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Still further to the west on the Isle of Arran in
the Firth of Clyde, a thick Permo-Triassic sequence greatly
intruded by Tertiary igneous rocks has seen preserved, which
is remarkable in two respects, viz., the absence of lavas of
the Mauchline facies from the Permian part of the sequence,
and the occurrenc of a thick upper series of beds which are
referred on lithological grounds to the Triassic (Gregory, 1915,
Tyrrell, 1928). The Permian beds are divided into four units
(Richey, 1961):
Glen Dubh Sandstone - white, yellow and pink,
massive calcareous sandstone.
Lamlash and Machrie Sandstones - coar red sandstones,
slightly cross-stratified, in
places thinly bedded.
Brodick Breccia - coarse quartzose breccia with thick
lenticles of dune-bedded sandstone.
Corrie Sandstone - cross-stratified brick red sandstone
with millet seed grain.
By contrast, the overlying Triassic beds are generally
finer grained, and of more variable lithology. They commence
with the Lag a'Bheith mans, cornstones and calcareous
sandstones. Above comes a middle group of sandstones and
shales (Auchenhew beds) and the sequence ends with the
Levencorroch unit, which resembles the Lag asBheith beds.
IA __
Other small outliers of deposits thought to be of
Permian age on lithological grounds occur in the South of
Scotland, but these were considered to be insignificant in
the present study. Amongst these should be mentioned the
outliers in Moffatdale, near Moffat, and at Loch Ryan in
Wigtonsh ire.
2.11. AREA 10: NORTHERN IRELAND (fig.11)
In this the final area under consideration, the Permo-
Triassic sequence resembles more closely the west Cuinberland
succession rather than the Scottish deposits. Volcanics are
absent, apart from later unrelated minor intrusions of
Tertiary age, and the Keuper Sandstone reappears in the
sequence, but does not reach any great thickness. As in
Cumberland, the deposits appear to have accumulated in deep
fault-controlled basins, bordering older Palaeozoic massifs.
The succession commences in most places with coarse
Permian breccias, or BROCKRAM, resting unconformably on
Carboniferous or older Palaeozoic rocks. These brockrams
are very similar in lithology to their counterparts on the
other side of the Irish Sea in west Cumberlarid, and consist
of angular fragments of pre-existing Palaeozoic rocks
cemented in a calcareous or gypsiferous matrix. The occur-
rence of the breccia beds is closely associated with
cuirninations in the rugged pre-Permian erosion surface.
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A. AREA. 9 : PMIAN SANDSTONE at Knowehead. Quarry, Lochar-
briggs, near DumCries
PLATE 13
B • AREA 10 : BUiTi SANDSTONE seen near Ardtrea,Dunannon,
Co.Tyrone, Northern Ireland.
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Away from these buried hills, the brockraxns may be
found to interdigitate with coarse friable red sandstones
of Penrith type, apparently strongly cross-stratified and
containing millet seed grains. These were proved to be
present in the Kennel Bridge B.H. near Comber, Co.Dowri
(J 455 700). Owing to the almost complete lack of
exposures of the Permian sequence, because of thick drift
cover and burial beneath later Mesozoic rocks, it is very
difficult to deduce the distribution of these highly
permeable sandstones.
In the Dungannon area, thin BASAL SANDS, overlain by a
highly porous purple or grey MAGNESIAN LIMESTONE, form the
local base of the series (Fowler and Robbie, 1961). The
limestone is less than 20 m thick, and mainly consists of
calcareous dolomite. This marginal facies of the Magnesian
Limestone is also developed in the Belfast area.
Both the Magnesian Limestone and the brockrarns with
their associated sandstones are overlain by red mudstones,
in places non-sequentially, which are referred to in the
lower part as UPPER PERMIAN MARLS, and in the upper part as
BUNTER MARLS. These beds, which also contain a fair propor-
tion of siltstone and fine grained sandstone with some
evaporites, are the lateral equivalent of the St.Bees Shales
and appear to be of similar thickness. Like the St.Bees
Shales, their upper boundary is transitional, and the gradual
passage into the red, fine to medium grained BUNTER SANDSTONE
takes place over several metres of strata.
The BUNTER SANDSTONE is the most widespread of the
Permo-Trias units beneath the drift cover in Northern
Ireland, but its distribution is very scattered and discon-
tinuous (fig.lI). In general, it resembles the ST.BEES
SANDSTONE, particularly on account of the prevailing grain
size and the frequency of mudstone partings (shown in
PLTTE 13B). It differs, however, in containing occasional
coarse laxninae with millet seed grains. It may be massive
or current-bedded. In deep boreholes drilled at the margins
of the Antrim Basalt Plateau, where geophysical data
indicated the probable presence of deep sedimentary basins,
the Bunter Sandstone is found to be far more consolidated
than in the shallower outcrops indicated on fig.la). It also
shows a tendency to be grey in colour, rather than red, and
conglomerate beds are occasionally present.
Near the top of the sandstone, the beds become
variegated, friable and coarse grained, and this part of the
sequence is classified as KEUPER SANDSTONE. The sandstone is
characteristically fawn, yellow or grey in colour, and is
generally lacking in detrital mica (Fowlér and Robbie, 1961).
It has been recognised in most parts of the Six Counties, but
appears to be absent in the Belfast area where the red
dolomitic siltstones of the KEUPER MARL follow on from the
Bunter directly.
(43)
A typical development of Keuper Marl is present
associated characteristically with thick beds of rock salt,
currently worked in the Antrim Saitfield. The marl is
overlain by R1iaetic beds, which complete the Permo-Triassic
sequence.
The reader will have noted in reading this account,
that no mention has been made of the Devonshire Permo-Trias
sequence, which includes some classic sections in the Bunter
Pebble Beds. It was decided that in view of the recently
published work of Sherrell (1970), and the fact that the
aquifer is approaching full development in this area, that
there would be greater merit in concentrating the study on
the more northerly outcrop areas. In addition, there were
sampling difficulties brought about by deep weathering of
surface outcrops and the lack of cored boreholes in the
Devonshire area. Preliminary sampling was, in fact, carried
out, but very few valid test results were obtained, owing
mainly to the extremely friable nature of the Lower and
Upper Sandstones, thought to be Permian and Triassic in age
respectively. The omission is therefore deliberate, but it
is to be hoped that the regrettable gap in the data will be
filled in the near future, preferably on the basis of a few
well-placed cored boreholes.
CHAPTER THREE; Sampling programme
CHAPTER THREE:	 SAMPLING PROGRANNE
3.1. INTRODUCTION AND PRINCIPLES
The evaluation of the aquifer properties of a
formation using laboratory methods necessitates the
execution of a very careful, thorough and comprehensive
programme of sampling. Under ideal conditions, the
programme should ensure that:
i) All vertical and lateral lithological changes in
the formation, whether they be induced by sedimen-
tological, structural or diagenetic processes,
should be covered,
ii) the full thickness of the formation should be
sampled,
iii) material in both the weathered and the unweathered
states should be examined, by selection of samples
from surface exposures and drill-cores.
The broad principles on which sampling for aquifer property
evaluation should be based, have already been described
(Loveloc), 1970. See Appendix 1).
In reality, especially in glaciated countries,
formations are often inadequately exposed, and the drilling
of expensive cored boreholes may not always take place at
scientifically selected locations. A compromise must, therefore,
be reached between the ideal scheme outlined above, and the
actual field conditions, and the evaluation has to be based
on results from the most comprehensive set of samples which
it has been possible to select, within the practical and
economic limitations of the project.
Taking the Permo-Triassic formations in particular,
two factors assisted in the availability of sample material.
On the one hand, despite glaciation and the resultant thick
cover of glacial drift over many of the outcrop areas, the
sandstone aquifers are quite well exposed, and numerous
accessible sections occur in road and railway cuttings in the
Midlands, and in stream beds in the North and in Scotland.
On the other hand, numerous boreholes, often cored, have
been put down into the Permo-Trias in the U.K. during
exploratory or production operations for ground water,
hydrocarbons, rock salt, gypsum and anhydrite. For a variety
of reasons, the Institute of Geological Sciences is well
placed to obtain samples from these boreholes, and a large
number (763) were forthcoming during the study under
discussion.
3.2. SAMPLING PROCEDURES
3.2.1. Surface exposures
A total of 302 samples were taken from surface
exposures, and their distribution is shown by means of solid
dots with reference numbers, on the accompanying figs.12-l8.
The locations were chosen with the principles outlined above
clearly in mind. The photographs which illustrate Chapter Two
of this thesis show the type of rock faces commonly encountered.
With some exceptions, it was found that most faces exposed
in road cuts and stream sections showed relatively uniform
lithology, and as a general rule, only one sample was
selected from each locality in order that the geographic and
geological distribution could be kept as wide as possible.
The minimum size of the samples was controlled by the
experimental procedures described in Chapter Four; wherever
possible, cuboid blocks of approximately 15 x 15 x 15 cms
size, were taken out of the rock face, using sledge hammer,
pick and chisel. Fresh material was selected in preference
to rock which showed obvious signs of deep weathering. Two
people were normally present during the sampling operation,
and this assisted the selection of a representative block, or
blocks. The size of the blocks also enabled test specimens
to be taken from below the weathered surface skin which, in
these formations, may be several centimetres thick.
A portable petrol-driven diamond coring rig using
direct drive and water flush, was tried out in the field with
the object of producing short 75 mm. diameter cores. It was
not found to be satisfactory, owing to anchorage and
vibration problems.
As might be expected, in a few areas the sandstones at
outcrop proved to be completely cohesionless, and no undisturbed
samples could be obtained.
(47)
In these localities a bag sample of the material was taken
for sieve analysis, and permeability estimation by the
Hazen (1893) method. Such conditions were only encountered
in the Bunter Pebble Beds in parts of Nottinghamshire (and
Devonshire). Elsewhere, the sandstones were frequently
extremely friable and loosely consolidated, but it was found
that if great care was taken during sampling and transport-
ation, large pieces of these rocks could be handled in the
undisturbed state.
3.2.2. Underground Exposures
Similar methods were used for the extraction of
samples from rock sections exposed in the New Mersey Tunnel
(pilot drivage) and in an adit at Stamp Hill Mine, Kirby
Thore, Westmorland. In both cases, the smoothness of the
sandstone faces presented a considerable problem, which was
also encountered in some surface outcrops.
3.2.3. Borehole Cores
Sites from which borehole cores were obtained are
indicated by means of open circles on figs.12-18.
A total of 763 samples were selected from drill cores, with
the following two factors borne in mind:
i) The general range of lithology shown by the cores.
ii) the extent of any core loss within a cored interval
and the likely nature of the missing material.
(4R
TABLE 1
LIST OF THE MORE IMPORTANT
BOREHOLES FROM WHICH CORES
WERE ANALYSED*
AREA	 BOREHOLE	 N.G.R.	 SAMPLE FORMATIONS
NAME	 No.
1	 Newton Regis(Fig.19)	 SK 2822 0728	 330 LKS, BPB
Appleby Parva	 SK 3067 0858	 466 LKS, BPB
Webheath	 SP 0098 6693	 695 LKS, UMS, BP:
Austrey House	 SK 3027 0485	 325 LKS
2	 Edwinstowe No.5	 SK 6343 6814	 505 BPB
Edwinstowe No.8	 SK 6345 6808	 508 BPB
Edwinstowe No..9(Fig.20) SK 6347 6818 	 509	 BPB
3	 Bellington No.4(Fig.21) SO 8776 7689	 465 UMS, BPB, LM
4	 Shiffords Bridge	 SJ 690 350	 461 BPB, LMS
Rodway	 SJ 6623 1825	 746 BPB, LMS
Sheepbridge	 SJ 6714 2067	 747 BPB, LMS
Bolas Bridge (Fig.22)	 SJ 6457 2027	 763	 BPB, LMS
5	 Al, Vale of Ciwyd 	 SJ 1132 6191	 748 BS
Bi, Vale of Ciwyd	 SJ 0641 6536	 749 ES
6	 Hatfield Woodhouse	 SE 685 097	 485 BS
Highfield Lane	 SK 6598 9536	 486 BS
Boston Park Farm(Fig.24) SE 677 045 	 501 BS
7	 Low Prior Scales	 NY 0579 0725	 750 SBS
Robertgate Bridge	 NY 0461 0746	 751 SBS
8	 Blackmosspool (Fig.26)	 NY 4824 4816	 588	 PS
9	 Drungans No.2 (Fig.27)	 NX 9471 7486	 329	 P
10 Kingsmill	 H 864 759	 669	 BS
Twyfords Mill	 H 84 630	 670 BS
Ballyloughan Bridge	 H 847 804	 671 BS
Haw Hill (Fig.28)	 J 4830 6952	 673	 BS
LKS Lower Keuper Sandstone BS Bunter Sandstone (undivided)
UMS Upper Mottled Sandstone SBS St.Bees Sandstone
BPB Bunter Pebble Beds 	 PS Penrith Sandstone
LMS Lower Mottled Sandstone P	 Permian Sandstone
In the earlier stages of the Project, it was considered
sufficient to select only as many specimens as would
adequately represent the range of lithology present. Later
it became apparent that interpolation of physical property
values over non-sampled intervals by reference to a
geological or drillers log was difficult to achieve with
any accuracy, especially with regard to permeability. A
different technique was therefore adopted, in which samples
were selected at fixed intervals throughout a cored interval.
In this way, the sampling procedure is put on a firm
statistical basis, and human bias is thereby avoided.
There is, however, a risk that using this method the number
of samples to be prepared and tested may become excessive,
and discretion must be used in the selection of an acceptable
interval.
As a general rule, and in common with current practice
in the oil industry, it is wiser to select samples from as
many different horizons as possible, rather than to
concentrate on rigorous testing of numerous samples from
relatively few horizons. Figs.l9-28 illustrate both the
range of lithology and the frequency of sampled horizons in
selected boreholes from the 10 sampling Areas. Whereas
Stubbins Lane, Garstang was sampled on a urepresentative
lithology" basis; that at Bellington was on the more
scientific "regular interval" basis which naturally can only
be properly used where core recovery approaches 100%.
(49)
TABLE 2
NUMBERS OF SAMPLES EXAMINED FROM EACH
SANDSTONE SUBDIVISION
AREA	 FORMATION	 TOTAL
NUMBER
Bunter Pebble Beds 	 31
3.	 Upper Mottled Sandstone	 34
Lower Keuper Sandstone	 88
Lower Mottled Sandstone	 2
2	 Bunter Pebble Beds 	 119
Keuper Waterstones	 4
Lower Mottled Sandstone 	 18
3	 Bunter Pebble Beds 	
25
Upper Mottled Sandstone	 22
Lower Keuper Sandstone	 12
Lower Mottled Sandstone	 42
Bunter Pebble Beds	 24
4	 Upper Mottled Sandstone	 8
Lower Keuper Sandstone	 7
Keuper Waterstones	 1
Lower Mottled Sandstone	 2
Bunter Pebble Beds	 62
5	 Upper Mottled Sandstone
	
56
Keuper Sandstone	 24
Keuper Waterstores	 3
Bunter Sandstone (Vale of Ciwyd) 	 20
6	 Bunter Sandstone	 96
7	
Bunter Sandstone	 54
St.Bees Sandstone	 77
Penrith Sandstone	 63
8	 St.Bees Sandstone	
16
Annan Sandstone	 5
Kirklinton Sandstone	 3
9	 Permian Sandstone 	 42
Permian Sandstone	 9
10	 Bunter Sandstone	 91
Keuper Sandstone	 5
In more recent studies not described in this thesis,
sampling intervals of as little as 30 cm have been employed
in order to obtain as full a picture of physical property
variation as is practicable, and to enaile geophysical well
logs to be accurately calibrated for use in uncored bore-
holes drilled in the same formation.
3.3. DISTRIBUTION OF SAMPLES
Figs.12-18 indicate clearly the extent of the sampling
operation. Further information relating to each area is
given below.
AREAS 1, 3 and 4 (fig.12): most of the well documented
exposures were sampled, but work was hampered by poor
exposure in the Birmingham area, and parts of west
Shropshire (drift covered). No samples were obtained
in the Ashbourne area (Bunter) or Kenilworth area
(Keuper).
AREAS 2 and 6 (South) (fig.13): difficulty was experienced
in the central and southern parts of Nottinghamshire,
owing to the extremely soft nature of the formation.
Extensive data was obtained, however, from cores at
the Edwinstowe site of Water Resources Board.
AREAS 5 and 7 (f ig.14): most of the accessible exposures were
sampled, and some preferential selecting of these had
to be carried out in the well exposed Bunter outcrop in
Cheshire.
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The surface samples were backed up by core samples
(mainly from odd horizons, as-available) from 20 boreholes,
of which 15 were drilled by Fylde Water Board in the
Garstang area of Lancashire over which the Bunter beds
are virtually unexposed.
AREA-6 (North) (fig.15): the Trias is poorly exposed over this
tract of country. All the known surface exposures were
visited and samples taken; a few cores were obtained
from 5 boreholes, but the overall distribution remains
inadequate at the time of writing.*
AREA 8 (Southern part) (fig.16): this area was selected for
intensive surface sampling because it includes an
extensive outcrop of Penrith Sandstone well exposed in
many places, and virtually undeveloped as a source of
ground water. Surface samples were taken from most
accessible exposures known to Institute field staff.
In addition,. a few core samples were obtained from three
cored boreholes which penetrated Penrith Sandstone.
Representative surface samples of St.Bees Sandstone were
also taken from the more readily accessible outcrops.
Drilling is now in progress at Cliburn, where three I.G.S.
cored-boreholes are being constructed.
* Since this section was written, six cored boreholes have
been recently drilled into the Trias of the Vale of York, and
work is in hand to subject this material to rigorous core
Figi5 DISTRIBUTION OF SAMPLES IN AREA 6 [narth
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AREA 8 (Northern part) and AREA 9 (fig.17): over this area
reliance was mainly and unavoidably placed on surface
samples, but borehole cores were obtained from two
locations, one in the Penrith Sandstone, the other in
the Permian Sandstone at Dumfries. Note that the
Annan Sandstone has been grouped for convenience with
the St.Bees Sandstone.
AREA 10 (fig.18): in Ulster, surface exposures of the Permo-
Trias are exceedingly rare, but a considerable number
of cored boreholes have been drilled into it. As a
result, the majority of the samples examined from
Northern Ireland were taken from borehole cores on a
statistical bases (at 5 locations), and odd horizons
were sampled from a further 6 boreholes. The overall
coverage, therefore, is satisfactory.
(53)
I7•
•	 at tat
l lS
rmhilJ
9
GDumfr
p
/
/
N.
7,.
itim
•	 N.
IJS	
*
•4t5
Si.
43
rush
8
Jurauic	 St
I	 I	 •	 kiojustrus
Stanwix Shalex
Kirklinto. and St.Bees Sandztoan with SlBeu Shaiss at haze
Purith Sandstone and Scottish Permia. Sines
sutciop boundary of prs-PsrvnsTriasslc I.rm.tMuW
.utcrop sampis locality with .anipis nunubut
amo	 burshuls sainpis locality with saiuipis .usuáu,
f ICLS lclrkiofon Sandutous
Format ne j sas St S... Sand.tons
Cni..	 1 PS Psfwith Sandatous
P	 Scottish Psemian Sirius
STRIBUTIO OF SAMPLES IN AREAS B(north) & 9
0I
Explanation as Fig.
with addition of
P$ PSnIan Sandstons
• i	 a
Icilomsirs.
Londo
+ <:'
	
10 •
Dunganno
	
:	
'ItsC'I
	
' 1	 a.,
	
4	
'V
4
•
I
I,	 +
+
Fig.18 DISTRIBUTION OF SAMPLES IN AREA 10
20
keuper
Series
•78.4m O.D
NOT
trPtrbe4deJ '
£flbit	 PWAdSt4,
Qr4
	 oP ie
ht4,aw	 ct
; rs
Jivicto be4we
l(e *per Mud
	
Kbiper
% *IsW4y
uetuCt*i IVW&iis
bus
Cpfl 01
• . • •• .
• . I .4 ••• •
• • I . •
 .• .•
•. S ..... I
:1, ..
•.S • •
•. I e• •I.•
c1ecn ktdhi t
c,cirse,b,'swp ith rrA
C1s5 beMs&
o0easio'oJ w*sm
e*, lowe evo.
CM4
Bunter
Pebbte
Beds
Total depth 163.5 m
r;1 mo	 ri4i3ini UhtI IA	 • 1OA I — UWTflM	 u r1QR1
Bunter
Pebble
Beds
20
•76.7m A.D
vir1 soft
r44.bwn pf
	 'S
Cov'li%srbly
os, bedAe4 W114%
£pQr*4C. k
4 wic4is
twrM re-bv'ewn
fQsSs'cones Pna;n&.1
ned	 9ra*e4,
rb1 r4
Sowie wr*4c 4Mr
qrine41 d.p r
ow 4
Ute EbSb.c,j
bto	 ON
ctwibt4 w, de
"I.'
S.
•
...•.
..•e•
U.
•:•:,:•
....•••.
... .
••.•.••..
• . . .. •..•
.4 .•..•..
ft.
•..•.••
•.•.•
•••..
• ,. • •. •
Total depth 47.3 m
Fig.3Representative WeU Logs : AREA 2 — EDWINSTOWE No 9 B.H.L1969]
Upper
Mottled
Sandstone
	
•:•:.	
Bunter
	
• ..•
	
Pebble
Beds
Lower
Mottled
Sandstone
Total depth 422.li
.6
s'tn4sre, brgi* re4,
Fine b .nedt 3rsined,.
Ciarrn4 1ie4(4 wilk
OD IMIOris
cnevui1y iricI,red
ks fl	 j51. occisi.p4
recr.isk,vejbevids.
Soue sh1y 'inik,
otIerwise ft 1i*
Junchóp wiH müri1w9•
fbbie Beds, w1sI
a,S 4cut4!
eQenóin9 X&Cp CC 4 -
rt avvtb-bedi*M,
rt	 4sWes e	 -
okdoi péb -
iwitrofres.
ec cow,uI1
pcb&r1 ri4 ©iu w4si&
peIIes.	
-
Occ&iioptd kw4se br4r
Up.s beds be 4Uvcav
Po'dded SardsI GSQe&
Mor w	 onuiibç w
-Mot	 a
bilghl r øntnb
b&4e4 SGrl4ste,t.
CvSS AIuisR*+iO
1ti Uy incneA
1 e' IS'
• 1 •'"
Fig.21 Representative WeR Logs : AREA 3 — BELLINGION No & BH [1968]
KIODERMINSTER,WORCS
Lower
MottLed
Sandstone
mAQD
ffre a4 OfTe
ruL brown zar.s5,
be'ts
of col*;
ii	 Co,sob.%.Ii4
4o wca*,oS1
pa	 rtg
-20
:::....
__-60
-80
Bunter
Pebble
Beds
aiP%rn4g
	
Vt4
fQNIl4k'S4
ørQIZ shoIi4
4
,AIIet e.S
red
Sr.%4sP..I4
:::: -100
:. -IX
:: -140
I .: . : . :	 I Total depth 146.9 m
Fig.flRepresentat l ye Well Logs : AREA 4 - BOLAS BRIDGE BH [1970]
WELLINGTONISALOP
E0
ci
4Q)
0
0
• 1
In
'1
(0
0
E
I-.
I-
V.-
— . D
w
-
1	 I	 1	 I (1; I
It
Ai ruil
U)
Sq 2-i tL IU
depth in meters
,-	 oJ	 (%J
-J
LU
—I
—J
S
C',LU
—J
'-I
i_C)
-V V.•
—
U' s--
so
LU-
1..,C)
0
—J
-VQJ
a'
a'
5
@1
I.-
0.
a,
•Li.
Bunter
Sandstone
(undivided)
.3.4
Re4-rsw vtu.j po1y
Cs.E j j.(.it4 IQiidS+ma
very sof Ap 4 W4*kh(v4 -
4 .1 Ieas So wig
coarse arid
pbbJy US3Spi;
ereaFer 6ecms,1
Maivty .ediku-fiAc
vIke4	 Iawi.iaPt4
wh MVi$OhS/SVM
le Wry	 Ma?
hm bas. w pass.9.
M.rM.
:.:.::4-50
a...
red a.4	 .øiia#e.1e
	
Total depth 23t8n
Fig.24 Representative WeU Logs : AREA 6 — BOSTON PARK FARM B.H.
[1969]. OONCASTE .YORKS
•2t3m &O.D
..... ...I
I....
:::1
h'.4jflIs, S4idy
ouI dir Cidly
red- brown Sr4s4ona
4 v.no.bi. 9rlrIiSi3,
coat p.sts, poorl1
Ceweve4 Iear rhc.
iio.e
i&raI4 wifh depth.
Croci bi4div Ctkii.,i
S'por*c qv4v4.
pebbes 4rd M&tSStTh4
eIIeL.
Miccots grey
Ma 1 okqvm Jih
Bunter	 4
Sandstone
Drift
_____ 80
::':j
ve4	 ds,ie biI	
: ::
w.vd41
red d.snec	 F -1	 I ?	 'Total depth 127.9m
Fig.Representative WeLL Log : AREA 7 STUBBINS LANE B.H.(1968]
ARSTANGI LANCS
C*ncly boulder dc1
wif1 focci dbrig;
oui.Ic of Penvifh
Scnt4c'on. PflvbCIp*lIy
0'
-
, 0
Drift
Penrith
Sandstone
20
Broken rts ri4
WMC las. l9-2
40
.131.1 m A.0.D
::r 10
fine, 'eSi	 nt	 -
Coarce lrnii	 -
Cvo5sbeM j rt
Sandcpie's wrth 4kn
W'erbed4ed. W.AdthhCg,
sillstones n4 &bckr.i.i$
tOflCS 'Y
crbk wlk pèc1y
siUceo cewie,*io,i
pnudstoneç purplish r4
or ovee., doion)'1
rl%p by brockri;
brockr	 I-2ci locol
frcgtenbs h 'ycUow
sclld)9 wialrsx	 -
I_..
lotal depth 44.4rn
F1g26 Representative WeR Logs : AREA B — BLACKMQSSPOOL BH [1968
CARLISLE.CUMBS
ccDi
4.68£
8*66
66*6
LA LA
1*8*
LA £ I
6*18
LA A
£84.6
£81
.18.9mAO.D
I	 Drift	 1
50
148*
68* A
A A A A
A 66.6
&aa* a
*6.6 A
£661
88*6
8*8*
I*68
£66 A
I ALA
A *6.1
'ALA
866 A
6*6.8
£886
8464
41*6
ALA A
81666
A A A 8
16*8
ALA £
£8661
£688
£816 £
Permian
Sandstone
rcd4ssk 1rvn
Sandy boidii
tnt Qr
	
kicci.,
i b Zfr,..1,
9*CI&% qr1_
w&cice '4 id Mrbc
erb4J.i4 t &Acc.h
Es sJ1
 *SCui
a,S &.v	 g bt*4.A
St*r	 SQMSn(s
O!'L
.4 pswf.q 9eiatt4.
aw4fkercm javcbl4
hi*im* +rssstb%.hAt
It1u3 M
se4;*
b
i'i .yew4 eabdss
Wa.%hr %IIpwl
$	 I4
6.68
AL £6
mr wie4	 coi.1	 *8*6
- ILOaa IId-is	 LA A LA	 Total depth 215.8 ni
Fig.VRepresentative Weti Logs : AREA 9 OUMFRIES FACTORY Nol 811,
dritted for IC! [1967]
.13.7
0
, 0.
o'Io/
0
8 
-20
'60
,,	 '.
Drift
Re4 beoim consoSi4}e4
.f.#e I,	 ihe4
Sste, I*re44i4
wilh ir,v I
bai'4, of ijI
MO48POII (au .*e4)
____ -40-
Bunter
_____	
Sandstone
___ -60-
e4 br.wvi i4si.mt aiA
3jIItTh( w'lh occsiãoA
N4'
ak.Wa V'dIiv
Spelt d h S+1W ç.k.4
dr*	 cS.4 N
SflPr w5".° "
*MI*VNYSIhI 7-l22.,
4 I32-IW.; 4ki,
bv'ecci., IU-I)k.
Bunter
&
Upper
Permian
Marts
g4 b,wu,, .e.*Iwis	 Permian
*s
	
Sandstone
Coar. rtccfbrer1Arsm	 ____	 rocram ITotal depth 182.9rn
Fig.28 Representative WeU Logs AREA 10 — HAW HILL aH.[196g].
COMBER. Co.00WN

CHAPTER FOUR:	 EXPERIMENTAL METHODS
4.1. INTRODUCTION
The samples of Permo-Triassic rocks, the selection
and distribution of which has been described above, were
subjected to core analysis using specially modified versions
of well established methods. Before describing these in
detail, some statement of the underlying principles is
required.
For reasons already given (p.45) it follows that where
data from core analysis is being used to describe as far as is
justifiable, the three dimensional distribution of physical
property values in an aquifer, it is absolutely essential to
consider large numbers of samples which have been subjected
to standard procedures. Although results on some 3500 test
specimens cut from 1065 samples are being synthesised in
this thesis, it is not considered that the study as a whole
constitutes anything but a preliminary attempt to define three
dimensional variation in aquifer properties.
Owing to the large numbers of samples which must be
considered if the work is to have any degree of statistical
confidence, it follows that the test procedures should be:
i) standardised
ii) rapid and, therefore, relatively inexpensive
iii) simple to perform
iv) able to produce data of acceptable accuracy
The core analysis methods now to be described were
conceived with these criteria firmly in view, and any
advantages or disadvantages should be related to these
considerations. The methods are concerned with the
neasurement of porosity, gas permeability, water permeability
and centrifuge specific yield.
V
4.2. SAMPLE PREPARATION
The following quotation from the Pmerican Petroleum
Institute Recommended Practice (1960) is appropriate at this
point...
"The determination of reliable basic data depe'nds upon
the intelligent selection of test samples, the careful
preparation of these samples for testing, and the ue of
test methods and equipment based on proved scientific
principles".
This publication has provided much of the basis of the
experimental work and it will be frequently referred to in
this section. The high standard and completeness of this
document is particularly noteworthy.
In the oil industry, core analysis is carried out
either on the whole core sample (full diameter core analysis)
or on smaller cylindrical samples which are cut out of the
original specimen. In the present study, all the test
specimens (in future referred to as "plugs") were cut from
large samples, and no full diameter core analysis was attempted.
Two sizes of plugs were cut Ci) cylinders of nominal
25 mm length and diameter (shown in PLATE 14A), and (ii)
cylinders of nominal 75 mm length and diameter. Both were
cut using an I1P 4 Meddings Drilling Machine fitted with
coolant jacket and diamond tipped coring drills (Habit
Diamond Tools Limited). The coolant used was freshly drawn
London tap water withno additives. Facing of the plugs was
accomplished on a Cutrock Engineering BCM 200 Cutting Machine
equipped with a 30 cm diamond blade, the same coolant being
used. At the completion of coring and facing, the plugs
were rinsed in tap water containing 10 mg/i NaOC1 (sodium
hypochlorite) to remove fines produced by the cutting process,
and to sterilize the specimens. At the end of each day's
work, the plugs were removed to an oven and dried at 95°C
overnight.
These plugs were cut in a number of different axial
directions which are indicated by means of index codes which
follow the sample number, and which are tabulated in Table 3.
The table provides a full explanation of the codes. In
brief, plugs were cut wherever possible in the vertical plane
and along two horizontal directions mutually at 90°. In the
case of outcrop samples, the axes of the horizontal plugs
were oriented in the field and labelled with a whole circle
magnetic bearing for reference purposes. The direction of
the horizontal plugs cut from cores could not be determined
and these were conventionally referred to as mc and 1W
directions.
Code
97V
97Vl
97V2
97H
9 7H- 45
97H1-45
97H2-45
97DC
97HY
9 7HX1
97 HX2
97CS
9 7CD
9 7TT
It was found that plugs suitable for testing could be
produced from all but the most friable sandstone material
by judicious selection of drilling speed and coolant
pressure. Speeds of 3000 r.p.m. and a few p.s.i. coolant
pressure were used when coring the more indurated and fine
grained material; 1000 r.p.m. and very low pressure were
used on the more friable samples. Facing was accomplished
by hand, using a double-bladed hacksaw with the untrimmed
plug held in a special jig.
TABLE 3
EXPLANATION OF PLUG INDEX CODES.
Explanation
- one only vertical plug cut from sample number 97
- first	 U	 II	 II	 97
- second	 'I	 97 e
- one only horizontal plug cut from sample
number 97 bearing of direction unknown.
- one only horizontal plug cut from sample
number 97 in direction 450 Mag.
- first horizontal plug cut in direction 450 Mag.
- second	 SI	 II	 H	 SI	 SI	 IS	 , et
one only horizontal plug cut in X direction
- 
II	 IS	 IS	 II	 ' X ^ 90 (Y) directi
- first	 "	 " X direction
- second	 II	 II	 H x	 etc.et
- one only plug cut parallel to strike of cross-
stratification
- one only plug cut parallel to dip of cross-
stratification
- oneon1y plug cut in true thickness direction,
i.e. at 9Q0 to cross-stratification.
97-1, 97-2,
97-3'
codes relating to a sequence of samples taken
from the same run of borehole cores, commencing
with the shallowest, and finishing with the
deepest. Directional codes are suffixed,
e.g. 97-3CS2, etc.
Mounting of the test plugs in lucite or some
alternative plastic material was not carried out in this
study, except on certain samples used in work on the
reproducibility of the gas permeability and centrifuge
specific yield measurements. There is no doubt that
overall precision is improved by mounting, but the operation
is time-consuming and some techniques require the use of
high pressure hydraulic equipment which was riot available.
4.3. POROSITY MEASURENENT
In this, the first of the procedures to be described,
the total interconnected void space of the sample is measured
and expressed as a percentage of bulk volume. This volume
will be referred throughout the rest of this thesis simply
as "porosity " . It is not equivalent to either total porosity
(which includes sealed voids) or "effective porosity" which
in this thesis is referred tc by its alternative name
"specific yield".
To a great extent, confusion over the various types of
porosity has arisen because different procedures measure
different volumes. Thus, total porosity usually results when
an unconsolidated granular sample is being dealt with using the
wet method (API, 1960. p.27, Manger, 1963). For the present
work, the Liquid Resaturation Method was adopted using water
as the displacing liquid; this measures the interconnected
void space of the sample, and does not involve crushing.
FN	 4-4N
A. Storage drawer showing citents of
nominal diameter test plugs.
PLATE 14
B. Liquid Re saturation System used. for the measurement of
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4.3.1. Equipment and Procedure
The oven dried plugs were allowed to cool to ambient
temperature (20°C) and then were individually weighed dry in
air using a Mettler P120 milligram balance. The plugs were
placed after weighing in specially designed PVC baskets
which will accommodate 25 specimens each. The baskets have
solid sides and partitions, but their bases are perforated
to facilitate slow upward saturation from below.
The baskets were then transferred to a large desiccator
which was linked to a vacuum line by a quick-fit joint. The
vacuum system was designed to enable both the saturating
water to be deaerated and the desiccator containing the plugs
to be evacuated. PLATE 14B shows the layout of the complete
system. In routine testing of high permeability plugs, a
vacuum of at least 5 torr was applied for a minimum period
of 30 minutes, extending to 1-2 hours at the discretion of the
operator if the material under test appeared to be "tight".
To provide the saturation liquid, mains water was fed
into the reservoir after passing it through a column type
Elgastat Deionizer. The water was deaerated by applying a
vacuum to the reservoir and allowing the liquid to boil for a
few minutes under the reduced pressure.
When the vacuum had been applied for the appropriate
period of time, the desiccator was isolated and water allowed
to be drawn into it from the reservoir.
The samples in the baskets rested above the bottom of the
vessel and slow saturation under vacuum was effected by
flooding from the bottom upwards, in order that air entrap-
ment was reduced to a minimum. When the samples had been
completely flooded, they were allowed to "soak" for a further
30-45 minutes under a reduced pressure.
The pressure in the desiccator was returned to
atmospheric prior to measuring the weights of the individual
plugs saturated with water in air. The milligram balance was
again used. Particular care has to be taken to avoid weighing
excess skin water on .the plugs during the saturated measurement
in air. Removal of excess water using blotting paper was not
performed as many of the specimens were rather friable, and
the process can cause suction drainage of the interior of the
specimen which is highly undesirable.
Grain loss during porosity testing is a potentially
serious source of error and the utmost care had to be taken to
minimise grain loss from the more friable specimens.
The final weighing to determine the weights of the
individual plugs totally immersed in water was performed by.
laying each plug on a brass support immersed in a water bath.
For the present work, the support was suspended on the under-
side of the balance pan by means of fine, nylon fishing line.
It is important that these suspension wires are as fine as
possible since the movement of the support with different plugs
laid on it will cause slight changes in its displacement weight,
which for the purposes of calculation is assumed to be constant.
An identical procedure was adopted for the 75 mm size plugs,
except that evacuation was generally applied for a minimum
period of one hour, and only six samples were handled in one
batch. Measurement was performed using a Torbal PL2 torsion
balance reading to ± 0.1 gm.
4.3.2. Calculation and Accuracy
Porosity is calculated from the following equation
which is based on the Archimedes principle:
S1
 - w
0=	 xlOO	 (1)
Si -
in which 0 is nterconnected void space expressed as a
percentage of bulk volume (porosity).
S1 is the saturated weight of the sample in air,
in grammes.
S2 is the weight of the saturated sample when fully
immersed in water, in grammes.
W is the weight of the dry sample in air, in grammes.
It is easily seen that Eq. (1) assumes that the density of water
equals unity and therefore, weights of water in grammes are
numerically equal to volumes of water in cm3 . Since the
density of water at ambient temperature in most laboratories
(20°C) differs from unity by only - 0.18%, this assumption is
considered justifiable.
Eq.(l) may be rearranged to produce density values
inversely proportional to porosity.
grain density W	 -1= ______ gms. cc
w - S2
(4)
Although these measurements are of limited significance in
tle groundwater field, they occasionally indicate compos-
itional changes in the aquifer material which could affect the
chemistry of the ground water. Accordingly, in routine work
the density values were computed using the following equations,
but space does not allow their significance to be assessed in
this thesis:
bulk dry density
w
gms. cc
Si - S2
(2)
saturated density =
	
Si
	
gms. cc1
	
(3)
S i - S2
In routine measurement, up to 50 samples per day can be
examined, using the equipment and procedures described above.
The calculation of Eq.(l) could therefore, occupy a great
deal of valuable time. Accordingly, a short computer program
was written in Fortran IV and all experimental data computed
at the Atlas Computer Laboratory of Science Research Council.
The program is given in Chapter Nine.
The accuracy of the porosity measurements quoted here has
been investigated in a series of replication tests, the results
being tabulated in Table 4, and plotted in fig.29.
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Since the efficiency of the resaturation process is to
some extent dependent on the permeability of the test plugs,
and the permeability is largely dependent on porosity, it
was considered essential to investigate replication in a
batch of plugs whose porosity varied over a wide range. In
theory, plugs with a low porosity and permeability should be
more difficult to resaturate to exactly the same degree, and
therefore, replication in these is likely to be less accurate.
Table 4 and fig.29 indicate that this was in fact established.
Replication in samples having porosity over 15% has a high
probability of being within 4% of the mean value; in samples
of less than 12% porosity, the accuracy using the liquid
resaturatiOn method is considerably inferior, and an
arbitrary figure of t 10% has been applied. In most of the
samples examined, porosity was well in excess of 12% and the
accuracy of 4% applies, which is considered satisfactory.
Improvement of the accuracy of the values would necessitate
a change in measurement technique, which in view of the friable
nature of much of the material would almost certainl y be more
time consuming than the liquid resaturation method.
TABLE 4
REPLICATION OF POROSITY MEASUREMENTS
Max. percentage
PLUG No.	 01	 03	 - deviation from mean0 value
39 8H2 87
340H1 86
1 3V 2
398H2-17
491-6HY
0H130
329-10V2
329-61W
62-5V1
383-5HX2
437 -vi
329-9V4
39 7V1
491-5HX1
371H1-16
2 04 Vi
383-21W
96V 2
394H315
33 2V1
466 -6HY2
41H310
961W
330-1HY2
2 9V 3
466-7V1
3 30-3HX2
3.7
4.4
4.9
6.0
7.0
8.0
9.1
10.0
11.0
12.0
13.0
14.0
15.0
16.0
17.0
19.0
20.0
21.0
22.0
23.0
24.0
25.0
26.0
27.0
28.0
29.0
30.0
4.4
4.3
5.9
4.4
6.8
8.3
11.1
12.8
6.4
10.0
13.6
15.6
15.6
16.6
17.9
19.9
21.1
21.5
22.6
24.1
24.1
25.3
26.2
28.1
28.6
29.6
28.6
6.0
4.1
6.5
4.3
6.9
8.2
11.0
12.7
6.9
9.9
13.3
15.2
15.9
16.6
17.6
19.9
21.1
21.5
23.0
23.7
24.3
25.2
25.7
29.0
28.1
29.].
30.5
4.7
4.3
5.8
4.9
6.9
8.2
10.4
11.8
8.1
10.6
13.3
15.0
15.5
16.4
17.5
19.6
20.8
21.4
22.5
23.6
24.1
25.2
26.0
28.0
28.2
29.2
29.7
+ 27.33
- 4.71
- 15.08
+ 22.45
- 1.74
- 2.20
- 12.58
- 15.54
^ 36.14
+ 12.89
- 2.33
- 6.35
- 3.16
- 2.38
- 2.86
- 3.06
- 3.61
- 1.69
- 2.22
- 2.46
- 0.54
- 0.71
- 0.96
- 3.64
+ 1.38
+ 1.20
- 3.67
	
- first measurement	 2 - second measurement
	
03 - third measurement	 - mean porosity value
4.4. GAS PERNEABILITY NEASURENENT
The smaller sized plugs were tested for permeability
to gas in a Gas Perijeameter of the type widely used in the
oil industry. The design and operation of such instruments
has been the subject of a large amount of research by
petroleum engineers, especially during the period immediately
after the Second World War.
Direct methods of testing the permeability of
consolidated rock to various liquids and gases began with
the work of Meicher (1925), Glanville (1926), and
Tickell et al, (1933). In the same year (1933), Fancher,
Lewis and Barnes published a lengthy report dealing with all
aspects of the physical properties of oil sands with particular
reference to Pennsylvania. In this publication, a design for
a Gas Permeameter appeared, which has survived with minor
modifications up to the present day. This is now referred
to as the Fancher instrument, and its use is approved in
the A.P.I. Recommended Practice (1960) already referred to.
At the time the I.G.S. project was begun, and up to the
present time, the Fancher instrument is used ma high
proportion of core analysis laboratories in the oil industry.
After the publication of the work of Fancher, Lewis
and Barnes, attention was turned to the development of
alternative direct methods of laboratory measurement of
permeability.
In 1938, Hassler published his design for equipment to
evaluate permeability in full diameter cores. This
subsequently became known as the Hassler permeameter, in
which a length of core is placed horizontally in a pressure
vessel to which a tangential confining pressure may be
applied by the use of a rubber or neoprene sleeve (see A.P.I.R.P.
No.40, 1960, p.35). In this way, permeability can be
evaluated over a wide range of confining pressures. Cells of
this type were not used in the present study.
In the 1940's, there was a shift of emphasis to more
theoretical studies of what actually happens when liquids and
gases are passed through porous rock materials and the
important work of Klinkenberg (1941) and Grunberg and Missan
(1943), was published, followed by that of Heid et al, (1950).
Much of this work was concerned with the problem of inter-
preting differences in the permeability of a rock sample to
various gases and liquids. This topic is currently the
subject of research amongst petroleum engineers, especially
in connection with interactions which may take place between
saline waters and rocks containing swelling clay materials.
By the middle of the 1950's sufficient research had been
carried out and enough experience gained for the American
Petroleum Institute to publish, in 1956, its Recommended
Practice for determining the Permeability of Porous Media.
This was written with the same thoroughness and rigorous
attention to detail as the later work relating to general core
analysis (1960).
In recent years techniques have tended to become standardised
in order that data from different sources can be compared
with confidence.
4.4.1. Equipment and Procedure
The Fancher instrument used in the present study is
illustrated in PLATE 15B and is shown diagrammatically in Ap?esci1xl
fig.4 . It was designed by the British Petroleum Company,
constructed by I.G.S. workshop staff, and assembled by the
writer. Its construction follows the design criteria given
in the .P.I. Recommended Practice (p.14). The apparatus
is based on Darcy's Law for the special case of isothermal
steady state flow of gas through porous media. This is
usually expressed in the following form:
2000	 P2	 (5)
A(p12 - p22)
in which k is the intrinsi ,c permeability of the porous
medium, expressed in millidarcys
is the viscosity of the gas in centipoises
Q is the discharge rate of the gas in cm 3 sec
L is the length of the plug in cm.
A is the cross-sectional area of the plug in cm2
2 is the outlet gas pressure in atmospheres
is the inlet gas pressure in atmospheres
The darcy unit is precisely defined in the Recommended
Practice (1956) (p.3) as follows: "A porous medium has a
permeability of one darcy when a single phase fluid of one
centipoise viscosity that completely fills the voids of the
medium will flow through it under conditions of viscous
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flow at a rate of one cubic centimetre per second per
square centimetre of cross-sectional area under a pressure
or equivalent hydraulic gradient of one atmosphere (76.0 cm Hg)
per centimetre". A millidarcy is therefore equal to l0
darcys and is abbreviated in this thesis to md.
The derivation of Eq. (5) is dealt with adequately
elsewhere (Muskat, 1949; A.P.I. R.P.No.27, 1956). Much work
has been carried out in search of a theoretical justification
of the empirical observation of Darcy (1856). Recent
syntheses on this subject by de Wiest and by Rumer are to be
found in de Wiest (1969).
Eq.(5) demonstrates that to obtain a solution for k,
six variables must be measured. By selection of a standard
gas for all measurements the viscosity term becomes. a constant
but each of the other five must be measured. The I.G.S./B.P.
perrneameter consists of a Fancher-type core holder, two
upstream pressure manometers (one water, the other mercury),
a high range and low range gas flowmeter, a source of
compressed gas, an on-line drying tube and suitable valves and
pressure regulators. The instrument was used in a laboratory,
in which the termperature varied by 2°C.
In a routine test using compressed air as the test
fluid, the sample plug was first calipered to obtain values
for sample length, 1 and cross sectional area, A. The plug
was then inserted into a rubber sealing ring tapped with a
parallel-sided hole and having an outside taper of 1 in 8.
The rubber rings are a series of specially moulded stoppers,
of varying hole sizes, to accommodate plugs of different
diameters. Rings were used which were undersize, up to a
maximum of 2% on the diameter, in order that a close-fit was
obtained and side wall leakage along the rubber-rock contact
eliniinated.
In accordance with the Fancher-type design of the core
holder, the plug in its rubber ring was pushed into a steel
ring which had an internal taper matching that of the rubber
ring. The assembly was then pushed into the core chamber and
sealed by means of 0-rings and a block and yoke (see PLATE l5B).
The block was screwed up by means of the handwheel which was
given a standard number of turns.
Once sealing was complete, gas was admitted from the air
lire and flow commenced. The inlet pressure was measured in
one of the manometers, outlet pressure was read from the
barometer and the gas discharge rate observed in one of the
rotameters on the right-hand side of t1e instrument. It was
found that flow rate and pressure achieved steady state
conditions after only a few moments.
Certain precautions had to be taken to avoid erroneis
results. Slightly misshapen or non-parallel sided plugs were
not tested; nor were those exhibiting macroscopic cracks.
Certain very friable plugs gave anomalously high values
which have been excluded from the data section (Chapter Five).
The effective range of the instruinentis from 1 md to 23000 md.
4.4.2. Calculation
Permeability in darcy units of intrinsic permeability
was computed from Eq. (5) using a brief computer program
written in Fortran IV language and given in Chapter Nine.
This program included a facility to apply automatically a
negative correction for the gas slippage phenomenon which was
rigorously examined by Klinkenberg (1941). To simplify the
correction process, Klinkenberg's experimental data relating
to observed slippage using air as the test gas were replotted
as in fig.30, and found to have an approximately linear
relationship. The equation of this function was found to be
on inspection:
log k	 = 1.1 log k - log 	 2.1	 (6)iOc	 lOu	 10
in which k is the corrected lower value for intrinsicC
permeability and	 is the uncorrected higher value. Fig.30
indicates a plot of Klinkenbergss own data from Table 9 of
his paper (1941) over the range 1 md to 1000 md. Superimposed
on it, is the straight line curve of Eq.(6) and some computed
values using this function. Note that for convenience, kc has
been plotted on the abscissa.
It is considered that Eq.(6) fits Klinkenberg's data
adequately for most routine laboratory measurements of
permeability, at least for ground water purposes.
An alternative and more precise correction factor is discussed
in the A.P.I. Recommended Practice (1956), based on experiments
specially carried out for the publication.
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In work requiring higher overall precision, this should
probably be used in preference to Eq.(6). The equation is:
k
U
kc =	 (7)
Pm
in which k and k have the same meanings as in Eq.(6),
Pm is the mean pressure at which the gas is flowing
and	 b = 0.777 k°39. A discussion of the procedure for
applying the Klinkenberg correction using Eq.(7) is given in
the Recommended Practice (1956).
The object of applying this correction by either of the
methods given above, is to convert the observed permeability
to gas to the permeability to a non-reactive liquid. Since
the work now being described is to a large extent concerned
with determination of rates of flow of ground water through
predominantly medium grained continental sandstones, the
correction of he k values to a figure appropriate for a non-
reactive liquid is clearly an important one which should be
applied. The computer program automatically applies the
correction to all solutions of Eq.(5) which hwe a value of
less than 1000 millidarcies. The error involved in assuming
that the gas values are 1identical to non-reactive liquid
values where k is greater than 1000 millidarcies, is within
the limits of experimental error. Fig.30 indicates that the
size of the error is approximately +5%.
It should be noted that Eq.(6) is valid up to the
point on the curve shown in fig.30 at which k = k = 1667.99 md,
or in other words, the point at which the Klinkenberg effect
becomes zero. For convenience, an arbitrary limit of 1000 md
has been taken, beyond which the correction has not been
applied as its magnitude is well within the limits of
experimental error.
It should be noted that although the units of
permeability used in this work are those of intrinsic
permeability, the correction must nevertheless be applied
whenever gas is being used in the testing of samples of
permeability less than 1000 md. This is because the phenomenon
is related to non-Darcy behaviour of the fluid being used to
provide solutions of Eq.(5). A full analysis of the mechanism
of the slip phenomenon and its implications is given by
Klinkenberg (1941) and his work was, to some degree, extended
by Heid et al, (1950).
4.4.3. Accuracy
There is virtually no published data on the accuracy of
laboratory permeability measurements. With regard to the
accuracy of the Fancher-type gas instrument, comparison has
already been made of the relative advantage of examining
lare numbers of samples with a moderate precision over small
numbers of samples with a very high accuracy. An ana1ysi
of the experimental error in values determined with this
apparatus was made in two stages: i) instrument errors and
ii) operator error.
i) Instrument error - This was investigated in the
course of an experimental check to demonstrate the empirical
validity of Darcy's Law using the gas instrument. The
resulting graph of discharge rate plotted against pressure
gradient appears in fig.3l. It closely approximates to a
linear function of the form y = mx + c, and demonstrates that
Darcy's Law appears to be valid over the range of pressure
gradient studied, in an average medium grained red sandstone
of 25-3cP4 porosity. If the permeability of the specimen is
computed from the points plotted in fig.3l, and a frequency
distribution diagram drawn of these permeability values, the
scatter shown in fig.32 emerges. This could be described as
approximately aussian with a tendency to skewness in the
higher values. The mean permeability value is 1406 md with
a standard deviation of 33 md or 2.4%.
ii) Operator -	 - To attempt to assess operator error,
a number of replication tests were carried out by three
different operators on a group of samples which exhibited a
wide range of permeability. Each of 22 plugs was tested
twice by each operator, and the results, expressed in milli-
darcies, are given in Table 5. As far as was practicable,
each operator subjected the plugs to the procedure described
above. The six values obtained for each specimen are averaged
in col.8 of the Table and the maximum departure of any single
value from this mean, either positive or negative, appears in
col.9.
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This deviation is expressed as a percentage of the mean
of the 6 values in col.lO, and these percentages range
from 7.9 to 42.8. Neglecting the first sample, the average
value of these percentage deviations is
	
17.3 per cent.
This value is the average maximum expected error in any
single measurement made by any of the operators using the
gas instrument. Fig.33 demonstrates the frequency distrib-
ution of these maximum errors and it can be seen to
approach a normal or Gaussian type.
The magnitude of this operator error is acceptable
only in the particular field of study under discussion. In
comparison with the magnitude of errors tolerated in other
general laboratory procedures in scientific research, a
figure of ^ 17% would be more than enough to suggest that
there was something basically wrong in the design or operation
of the equipment. The source of the operator error almost
certainly lies in the manual sealing operation, whereby the
plug of rock is placed in the core chamber and a pressure-
tight seal made with the block and yoke (see PLATE 15B).
Owing to the significant compressibility of these rocks, and
the considerable mechanical advantage which may be exerted by
tightening the block and yoke, it is considered that
compaction of the rock structure may occur and this is the
root cause of the variation in apparent permeability with
diferent operators.
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4In order to investigate, and perhaps reduce, the
magnitude of the operator error, a second set of plugs was
subjected to replication testing. The possibility of
compressing the rock samples while they were being sealed
in the rubber sleeve of the Fancher core holder was reduced
to a minimum by coating each of the plugs with a thin (400
micron thick) film of epoxy resin (100 parts by weight
Araldite SW 407 mixed with 20 parts by weight Araldite HY993).
This particular compound is characterised by good sealing and
low penetration properties. After the plugs had been coated,
they were tested by three different operators in the air
permeameter and the results (given in Table 6) then compared
with those obtained in the previous uncoated replication
tests. Fig.34 indicates that there was considerable improve-
ment in the accuracy of the test data, with siqnificant
reduction in the maximum percent deviations from the mean
values.
It seems very probable, therefore, that one of the
principal sources of operator error using the Fancher core
holder is the sealing operation, and that this can be
reduced by rather time-consuming coating o the test sanpies
before measurement. The error is virtually excluded in the
Hassler Permeameter already referred to, in which a radial
confining pressure is applied to the specimen by means of a
flexible jacket, but it should be noted that a single
measurement takes at least six times as long using this,
compared with the less accurate Fancher device.
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L 5. WATER PERMEAB ILITY MEASUREMENTS
The larger sized plugs were tested for both water and
as permeability, with two objectives in mind:
i) to establish that the air permeability values
Dbtained were, in fact, values of intrinsic permeability,
and that they closely approximated to what the water
permeability would be, and
ii) in the case of the least coherent sandrock samples,
it was found that 75 mm diameter test plugs could frequently
be cut from material from which it was impossible to produce
25 mm diameter test plugs. These samples have been found to
dave the highest permeability.
TIe apparatus used for the water permeability deter-
nination in orthodox petroleum core analysis is the Hassler
cell for cores larger than about 35 mm diameter; this is the
cell which has provision for the application of a radial
confining pressure. Unfortunately, a cell of this type was
not available at the time the measurement programme was begun,
and a cheaper alternative system of testing had to be devised,
which could accommodate consolidated non-disturbed samples of
the sandstones. A series of experiments was undertaken over
a period of	 s in the course of which various
technical problems were overcome, the most important of which
was the problem of reduction of apparent permeability with
time.
These experiments may be divided into 3 stages of
development.
4.5.1. First Series of Experiments
The apparatus shown in fig.35 and fig.36, was used
for the preliminary tests which were primarily concerned
with the determination of the reproducibility of a water
permeability determination using a simple form of constant
pressure instrument. The most important part of the
equipment, the coreholder or cell, is a modified version
of the Engineering Laboratory Equipment Ltd. High Pressure
Periteability Cell, originally designed by A.F.Mendoza of
Ground Engineering Limited.	 4
i) Instrument details: The E.L.E. cell has been
modified in two respects - the original head plate fitted
with two thumb clamps has been replaced by a detachable tapped
block (see fig.35). When in place, it is scured by a thumb
screw and brass yoke whidh bear down on ths cylindrical core-
plug sealed in a thermoplastic (Vinomold) compression sleeve.
The cell in this form approximates very closely in design to the
Fancher-type permeability cell (Fancher, Lewis and Barnes, 1933).
The tapped block has an inlet port for the testing fluid,
which opens centrally above a sintered brass filter disk of
average pore-size, 45 microns. Two manometer tappings
arranged diametrically opposite one another open at the
margins of the disk and these allow the precise pressure at
the base of the disk (and therefore, at the top surface of the
sample) to	 d off two manometers which are connected
by f x le tuDin	 he cell.
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Fig. 35 1. G. S. .?ancher type permeability cell
The rock core is sealed in a detachable H.M.C. 18 Grade
Vinomold compression sleeve, which for the purpose of these
tests was varied in diameter from fit size to 3.2 mm (¼")
undersize on the diameter. The effect of this change in
tightness on the permeability results will be discussed below.
Finally, below the core, sealed in its tapered ring lies
a perforated plate. Its position can be altered by use of the
lower adjustment screw and at the commencement of a test run,
this plate is raised so that it just comes into contact with
the base of the specimen. Its main function is to stabilise
the rate of fluid discharge from the outlet point at the base
of the cell.
ii) Test water and pressure control: Various types of
water were used in the first series of experiments. Initially,
unfiltered deionized London tap water was employed. This was
changed early in the tests to filtered deionized water having
an electrical conductivity ranging between 5 and 60 micronthos
with a pH of 5.5. The filtration equipment consisted of a
Millepore XX67 22 litre stainless steel pressure vessel couplec
up to a 44 cu.ft. nitrogen gas cylinder. Fluid was supplied at
10 p.s.i. from the pressure vessel to a standard Millepore
filt holder. The earlier tests used water from which
particles larger than	 5 microns had been excluded, whereas
the later tests used water cleared of particles larger than
5 microns. Towards the end of these tests boiled water was
employed, since there was a suspicion that some of the
anomalous results might have been caused by the exsolution of
diso1ved aases in the water while it was permeating the sample
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Some tests were run using filtered groundwater of pH 7.5
from a borehole in the Bunter formation at Bellington, Worcs.
The fluid pressure during the tests was directly
controlled by the nitrogen in the Millepore pressure vessel
which was filled with the testing fluid. The general
arrangement of the equipment is shown in Fig.36. Sensitive
control was afforded by the system and changes in head of as
little as 0.5 cm. were readily effected. The range of pressure
employed in the tests was from approximately 10 cm. to 75 cm.
water.
iii) Sam1e Material: A sequence of 6.65 cm. (2.625")
diameter cores from a borehole in Permo-Triassic sandstones
at Kennel Bridge, Comber, Northern Ireland (Irish Grid
Reference: J455700) were used in the tests as these were
readily available and of convenient dimensions. Their
lithology was also generally typical of the sandstone aquifers
for which reproducible data are required.
The lengths of the cores varied from 5.14 cm. 1 to 7.73 cm.
Porosity and density data are tabulated below. Many iterative
tests were carried out on specimens Nos. 326-5 and 326-6.
TABLE 7
CORE DATA
	
DEPTH IN BULK DRY SATURATED GRAIN	 EFFECTIVE
SAMPLE BOREHOLE DENSITY
	 DENSITY DENSITY	 POROSITY*
No.	 IN FT.	 gm. cc 1	gm. cc 1 gm. cc	 %
326-1	 168	 1.83	 2.14	 2.67	 31.6
326-2	 175	 1.95	 2.22	 2.66	 26.8
326-3	 182	 2.23	 2.40	 2.70	 17.5
326-4	 186	 1.87	 2.15	 2.60	 28.0
326-5	 196	 2.03	 2.27	 2.68	 24.1
326-6	 201	 1.92	 2.20	 2.68	 2.2
326-7	 207	 1.99	 2.23	 2.62	 24.1
326-8	 212	 1.92	 2.21	 2.68	 28.1
326-9	 217	 2.21	 2.37	 2.63	 15.7
* defined as interconnected void space expressed as a
percentage of bulk volume.
iv) Experimental Procedure: The sample to be tested was
first evacuated to approximately 15 mm Hg. for a few minutes,
then saturated under this vacuum for a period of up to four
hours in deionized water, using the vacuum apparatus shown in
PLATE 14B. The sample was then removed from the saturation
chamber and a thmop1astic compression sleeve of appropriate
size was fitted over it; it was then placed in the body of the
permeability cell without allowing aeration to take place. To
ensure this, water was poured onto the top of the cell
containing the sample until it rached the brim, and then the
tapped block with fluid already flowing into it was rapidly
placed in position and clamped down using the upper clamping screi
S
The manometer tubes were connected to the cell last of all,
and these were found to provide an excellent escape route
for any air which may have become trapped in the top of the
cell during the sealing process. Once the sample was
sealed, pressure and discharge was allowed to stab.lise; in
practice, the apparatus usually came "into control" within
2 minutes of beginning the test. Test runs consisted of
precisely measuring pressure in the two manometer tubes and
the discharge from the outlet point at approximately 5-10 cm
intervals of head. Individual tests were made over periods
of from 30 minutes up to 3 hours, depending on the object of
the test. Fig.37 shows typical curves obtained during these
tests. An important aspect of the procedure at this stage
was the fact that between tests the specimen was kept under
distilled water. There was no drying out, and resaturation
during these tests.
The first series of tests were carried out with a view to
determining the effect on the calculated permeability of the
following factors : -
1. Effect of change in tightness of the compression
sleeve.
2. Effect of removal of sample from the compression
sleeve and subsequent replacement in the same sleeve.
3. Effect of rotating the sample in the sleeve,
vertically or horizontally.
4. Effect of altering tightness of upper clamping
screw, or the lower filter adjustment screw.
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5. Effect of using water of differing chemical 	 4
composition and filtration quality in the
testing process.
6. Effect of period of testing on the permeability rate.
7. Effect of dehydration and resaturation of the
sample on its permeability.
Above all, the tests were intended to determine the
margin of experimental error likely to occur in any
permeability value quoted for particular specimens. It will
be demonstrated that although the margin of experimental
error using the measurement system described here is low,
long-term changes of the rate of permeability under constant
head with time of a partly irreversible nature were found to
present a serious problem, which had to be understood in order
for the system to be used satisfactorily on a routine basis.
v) Observations and Results:
Sleeve Tightness - The rat9 of discharge under a constant
head of 40 cm water for specimen 326-6 was determined for
various sizes of sleeve. With a sleeve of the same internal
diameter as the diameter of the core plug, an average of six
short repeat tests give a rate of 28.5 cc/mm. Using a 1.6 mm
(1/16") under size (on the diameter) sleeve, two repeat tests
give a rate of 10.0 cc/mm. falling off after a lapse of
one day to 7.0 cc/rain. Constant flow rate conditions over a
period of five days were obtained with the fit size sleeve
which incidentally did not have a flat upper contact surface.
In view of the very obvious decline in rate observed when a
tighter sleeve was being employed, it is felt that possibly
leakage down the walls of the core plug produced a stabilis-
ation of the flow rate at about 22 cc/mm. and the expected
decline in flow rate owing to other factors discussed below
was not observed. Certainly the reduction in the rate
taused apparently by the use of a tight sleeve, is very
significant, and standardisation of sleeve tightness for
routine tests is clearly necessary.
The effect of sleeve tightness was also studied with
specimen 326-5 with similar results. The rate of discharge
(40 cm water head) with a sleeve of same i/d as the diameter
4
of the plug was found to be between 20 and 25 cc/mm.. With
a tighter sleeve (1.6 mm undersize onthe diameter) the fLow
rate initially fell to 10 cc/mm. and after a period of
further tests, the rate continued to fall to a minimum of
approx. 4 cc/mm.
Correlation of the results using a sleeve with results
from a waxed-in sample were attempted, but as poor contact
between the wax and the saturated sample was achieved, this
study was abandoned. Some form of correlation of results
with a sealed-in sample might, perhaps, have been carried
out in order to deuonstrate conclusively that side wall
leakage when using the Vinomold sleeves does not occur to any
significant extent.
Elowever, tests with very low permeability material from
the Permian of the South of Scotland demonstrated that no
sidewall leakage occurs where 1.6 mm undersize sleeves are
Lised at pressures up to 150 cm H20.
Removal and Replacement of Sample in Sleeve in Cell -
rn a series of tests with specimen no. 326-6, no significant
changes in the measured head/discharge relationship were
Dbserved when the sample was removed and immediately replaced
in the sleeve in the cell. Care was taken not to allow aeration
Df the specimen to occur while these operations were carried
Dut. As a matter of procedure, however, it is thought that
the upper surface of the sample should be flush with the
Lipper surface of the compression sleeve.
Rotation of the Specirnen in the Sleeve Vertically or
Horizontall -
Elere again, no significant change in the rate of discharge
&as observed in specimen no. 326-6. The changes were made
uring the period of testing when approximately constant head/
ischarge conditions were obtained, and a sleeve of same i/d
s the diameter of the core was used.
justment of Upper Clping Screw and Lower Filter
Adjustment Screw -
rhere is evidence that sidewall leakage past the Vinomold
sleeve can occur if there is insufficient tension on the
upper clamping screw which seals the tapped block with inlet
port to the Vinomold sleeve containing the specimen.
I I• P
In a test with 326-6, a flow rate of 38.9 cc/mm was
recorded at a water manometer pressure of 39.75 cm. 1When
the upper clamping screw was tightened the rate fell
immediately to 29.9 cc/mm and remained there even if
further pressure was applied. In practice, the upper screw
should be tightened to a point at which it can no longer
be readily tightened by two fingers alone. This will apply
more than sufficient pressure to seal the compression sleeve
in the taper of the cell (see fig.35) . A check as to the
presence of leakage around the metal/plastic seal at the
base of the tapped block may easily be made by observing if
leakage is occurri.ng in the annular space between the tapped
block and the rim of the cell.
With regard to the lower filter screw, the position of
the filter plate has no effect on the rate of discharge
unless it is forced against the underside of the specimen.
Care must be taken to lower the filter plate beyond the
bottom of the tapered portion of the cell, so that when
pressure is applied at the top, the sleeve and specimen can
slip slightly downwards in the taper. The filter should
then be raised until the adjustment screw is finger tight.
Relative Merits of Different Testing Fluids - In
considering this aspect of the testing procedure, it should
be stated that diring the limited tests described here, no
significant changes in the flow rate under a constant head
were observed, which were directly related to change of
testing fluid.
this can be seen for example, in fig.37. Much further work
is, however, required in order to demonstrate this
conclusively. However, it is considered desirable that,
iith regard to filtration qiality, the test fluid should be
Df as high a standard as borehole water. There was evidence
that the deionized water being used in the laboratory
contained suspended matter, chiefly of organic origin and
this fact, coupled with the discovery that this water clogged
iithin 10 mins, a 45 micron pressure filter, led to the
decision to conduct all further tests with filtered test
eater.
With regard to the chemical composition of the test
fluid, it is pertinent to quote the following passage from
the American Petroleum Institute Recommended Practice (No.27) -
For Determining Permeability of Porous Media (1952):
"The choice of a test fluid for a particular medium
must be made with the properties of fluid and medium
in mind both separately and together, as well as the
particular purpose for which the resulting permeability
will be used".
The results obtained using the apparatus described here
have been used in correlation work with the results of pumping
test analysis, and therefore should represent rates of flow of
formation water through saturated perneable rock. Thus, it
may be argued that in laboratory tests, formation water should
be used as this will have a chemical composition theoretically
in equilibrium with the surrounding geochemical environment.
Relationship between Permeability and Peri_od of Tesbinq -
The marked decline in apparent permeability observed in
specimen no.326-5 and showi on fig.38, is an effect which
has been studied extensively, particularly by Heid et al, 1950
and Johnson, 1963. The effect has been attributed to a number
of causes of which the following appear to be the more
important:
1. Clogging of flow channels by particulate matter,
e.g. microqrganisms (Allison, 1947)
2. Migration of fines to clog flow channels when a
sample is subjected to a hydraulic gradient
especially perhaps platy mineral grains, loosely
bonded with the matrix (Bodman and Harradine, 1938,
Payne, 1968) .
3. De-gassing of dissolved gases in the testing fluids
and migration of bubbles to block flow channels.
(Christiansen, 1944, Smith and Browning 1946, and
Gupta and Swartzendruber, 1964).
4. swelling of clay minerals to block flow channels,
caused by the testing fluid not being at chemical
equilibrium with the porous medium. (Tignor, 1957,
Baptist and Sweeney, 1955, Bardon and Jacquin, 196g,
Degallier et al,1969)
5. The development of a layer of stationary fluid
absorbed on the walls of the flow clannels. (Heid
and others, 1950, discussion therein)
In the first series of experiments, only indirect
evidence was obtained as to which of these causes was likely
to have been responsible for the reduction in flow. Sime
the specimens used were tested repeatedly without being
dried out, and resaturated beforehand, it was considered
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that virtually any combination of the five possible causes
might have been operating, and these would have to b
systematically excluded one by one.
It was considered that one point might be of some
significance. With reference to figs. 39 and 40, it can
be seen that the Darcy Law plots for individual tests
deteriorate with time fromgood linearity in the early
tests (after recent resaturation) to increasing curvature
in the later tests, by which time the specimen had been
saturated for up to two weeks. This might have been
explained by either changes in the state of saturation,
growth in the pores of microorganisms or swelling of clay
minerals.
Effecb of dehydration and resaturatiori on apparent
lity -
It was deduced, that for the five factors causing changes
in apparent permeability, Nos. 1,2 and 4 would be experimentally
irreversible, and 3 and 5 should be reversible. In order to
investigate this, core no.326-S was dried after 17 days
saturation to 100°C for 24 hours, and subsequently
re-evacuated and resatu;ated under 15 mm vacuum for a period
of four hours. The flow rate at the commencement of the
retesting under a head of 40 cm was 13.5 cc/mm which compares
with c.21 cc/mm when the specimen was first tested. The
deterioration in permeability was therefore demonstrated to
be of a partly irreversible nature such as might be caused
by either of factors 1, 2 and 4.
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Fig.40 Sampte No. 326-5 : repLication tests after dehydration and
resaturation.
IThat the deterioration was also partly reversible implies
that factors 3 and 5 may have been partly responsible.
Further tests were clearly required to take the
development a further stage forward.
4.5.2. The Second Experiment
This was intended to determine whether decline in
apparent permeability continued indefinitely during a long
period test, or whether a final minimum value could be
reached, such as had been achieved by Heid et a]., (1950)
working on low permeability oil reservoir rocks and Johnson
on various grades of sands (1963).
i) Sample material and testing water: For the purpose
of this test, a core of 7.53 cm diameter and length 6.89 cm
was cut from the centre of a borehole core sample taken from
the Keuper Sandstone at a depth of 183 m in the Sugarbrook
No. 1BH (SO 96036815) in Worcestershire.
The testing fluid used in this experiment was boiled,
filtered, deionized London tap water. It was boiled to
remove dissolved gases because it was thought they could be
coming out of solution and blocking the flow channels, thereby
reducing permeability (factor 3). The water was then passed
through a 5 micron filter which was coupled to the
Millepore XX67 22-litre stainless steel pressure vessel. The
water was supplied to the filter holder at 10 p.s.i. using a
nitrogen gas cylinder which was also coupled to the pressure
vessel.
The arrangement of the apparatus was as in the first series
of tests, and is shown in fig.36.
ii) Experimental Procedure and Results: The experimental
procedure followed was identical to that described above in
section 4.5.1. After the sample had been saturated in deionized
water, under vacuum for four hours, it was placed in a thermo-
plastic compression sleeve, which was 1.6 mm under size on the
diameter so as to eliminate sidewall leakage.
The test run consisted of measuring the pressure in the
two manometer tubes and the weighed discharge from the outlet
point in cc/mm. These readings were repeated at approximately
hourly intervals during the first day of testing and towards
the later stages of the test at more infrequent intervals.
The sample was left under continuous test for a period
of 288 hours. During this time, the maintenance of continuous
water flow necessitated the use of a temporary reservoir
syphon system, but the rate of discharge in the later stages
became so slow that water supply was not a severe problem.
As was found in previous replication tests, there was a
dramatic decline in the apparent permeability during the
course of the experiment which became less marked after the
first 50 hours, but a constant minimum value was not obtained.
As fig.41 illustrates, the total fall in apparent permeability
was from about 3 x l0 cm sec to about 3 x l0 cm sec -
a factor of 100.
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The question to be answered was which of factors 1 - 5 was
principally responsible for the change in permeability. It
was judged that factors 1 and 3 ought to have been eliminated
because the test water had been both boiled and filtered, and
that therefore, factors 2, 4 or 5 remained to be exc.Luded.
However, careful examination of the top filter plate and the
underside of the tapped block after this and previous tests
revealed the presence of an unidentified green slime which
suggested that in spite of the careful preparation of the
test water, mitcro-organisms were present in the water in
considerable numbers. It was felt that these might be
responsible for the declining rate in permeability.
Accordingly, five samples of the testing water, at various
stages of its preparation, were taken for bacteriological
examination at the beginning of the 2nd experiment. As can be
seen from TABLE 8 below, the results were of great iztterest.,
TABLE 8
MICRO-ORGANISM CONTENT - TEST WATER
NUTRIENT AGAR COUNTS/ML
37°C	 22°C
DESCRIPTION OF SAMPLES
Drinking water unfiltered
Non-drinking water unfiltered
Discharge from Elgastat deionized
Filtered, deionized, boiled water
Discharge from deionized water
reservoir
3	 13
2	 246
7
	 128
300+	 300+
I
Following these results it was decided that as soon
as the test was completed, the rock sample itself should
be examined for evidence of micro-biological contamination.
At the end of the test, a sample of the discharge from the
cell was taken, the rock was removed from the cell and
divided horizontally into three sections - upper, middle
and lower - each of which was carefully crushed in tap water.
A suspension of rock particles in water was taken from each
section for bacteriological examination, and also a sample
of the tap water used in the elutriation of the rock.
Finally, the upper filter was carefully washed and a sample
taken from the washings. The results obtained are shown in
TABLE 9 below.
TABLE 9
MICRO-ORGANISM CONTENT - TEST SAMPLE PORE WATER
DESCRIPTION OF SAMPLES	 NUTRIENT AGAR COUNTS/ML
37°C	 22°C
Discharge from testing cell	 7 x iO4	10.8 x lO
Tap water used for elutriation 	 40	 27
Top sectiQn of rock - Sample 1	 2 x 1O3	24.6 x
Top section of rock - Sample 2	 7.9 x	 20.2 x l0
Middle section of rock	 7 x io	 12 x l0
Lower section of rock	 50 x lO	 37 x 1O3
Upper filter plate	 16 x io2	 52 x 102
iii) Conclusion: From these results, it was clear that
the next stage in the development of a satisfactory water
permeability testing procedure should be the design of a
sterile system which would exclude all possibility of
bacterial contamination, and allow the investigation of the
other factors, which might be causing decline in apparent
permeability.
In conclusion, therefore, the second experiment
suggested that clogging of pore channels by micro-organisms
might explain the observed drop in permeability rate shn
in fig.41.
4.5.3. Third Series of Experiments
The third series of experiments were preceded by work
on the design of a system which, whilst including the
Fancher cell, would incorporate on-line sterilizing filtration
of the test water which at the present time is by far the most
reliable method of removing microbiological contamination in
water systems, without introducing noxious and sometimes
reactive chemicals, not normally present in ground water.
At the time the system was designed, it was thought
that bacterial growth was responsible for the entire decline
in apparent permeability with time experienced during previous
experiments.
The third series of tests indicated that this was not so1
and that another of the 5 factors was principally responsible.
1) Design of System: The Mk.I System shown in fig.36
was modified to incorporate the following features:
1. Testing fluid to be tap water of drinking quality.
2. Primary filtration essential, followed by on-line
ste]ilising filtration removing all particles larger
than 0.22 microns.
3. Pressure reservoir of testing water to be small
and easily cleaned.
These requirements dictated the design of the 1Ik.II
and the Nk.III Systems shown in fig.42 and PLATE l5A, and
culminated in the Mk.IV System of fig.43.
In the Mk.IV System, freshly boiled and cooled tap
water is placed in the primary reservoir and passed
immediately through a primary filter of the ceramic candle
type where particles down to 1 micron size are removed. It
then drains into the smaller secondary reservoir, a 1 tJ.S.
gallon size Millepore Pressure Vessel. The vessel is coupled
to a nitrogen gas cylinder; when it is full, the water flow.
is sbopped and the vessel pressurised to about 30 p.s.i.g.
Water flows through the on-line Millepore Filter and water
free of particles larger than 0.22 microns flows to the head
of the testing cell.
In practice, a number of difficulties have to be overcome.
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To ensure that the system remains in a sterile condition
after a test has been run, the primary filters and the
brass filters in the testing chamber are oven dried to
remove all organic contamination inside them. As a routine
precaution, a 10 mg/i flushing solution of sodium hypoc1lorite
has been found very effective in eliminating the growth of
bacteria in the lines. The passage of 10 litres of this
solution through the lines, over a period of about 30
minutes will remove all bacterial contamination, as the
following Nutrient Agar counts indicate.
TABLE 10
EFFECTIVENESS OF SODIUM HYPOCHLORITE SOLUTION AS
A STERILANT
DESCRIPTION 0F SAMPLES	 NUTRIENT	 AGAR COUNTS/mi
37°C	 22°C
10 mg/i Sodium hypochlorite
solution, 3 days old	 0	 0
Tap water	 17	 1550
Discharge from primary filter	 126	 109
Discharge from Pressure Reservoir	 580	 630
Discharge from upper block of
testing chamber	 140000	 109000
Sample of flushing solution	 0	 0
Discharge from upper block after
completion of flush	 0	 0
Difficulty was encountered in obtaining sufficient
pressure downstream of the Millepore Filter to provide cors tant
head conditions on the testing chamber.
It was found that if a 0.22 micron Mi].lepore Filter was
used in the secondary filter, then 40 p.s.i. did not produce
enough flow to the chamber at a measurable head. In practice,
using a 0.22 micron sterilizing filter, about 60-70 p.s.i.
will be required if adequate flow is to be induced, especially
if highly permeable samples are under test. This pressure is
rather high, and has the tendency of forcing nitrogen into
solution in the test water with obviously undesirable results.
A second Millepore filter of larger cross section was
therefore, added to the equipment, this being one of the
principal modifications in the Nk.IV System. The other
alteration was the addition of a mercury manometer tube
which enables higher supply pressures to be used and, therefore,
lower permeability material to be tested in the system. These
modifications effectively increased the range of permeability
which the system can measure from io 6 - io- cm. sec to
approximately	 - ia-2 cm. sec.
ii) Experimental Procedure: Wlien the system had been
assembled in the manner shown in fig. 43, a number of
replication tests were carried out, using the following
procedure. This procedure was subsequently adopted for all
the water permeability tests conducted for this Project:-
1. The specimen, was weighed dry. evacuated for a
period of 30 minutes, and saturated under about a
15 torr vacuum (corresponding to the vapour point
of water at room temperature) in the apparatus
shown in PLATE 14B.
2. The pressure reservoir was filled
from the' tap water supply line.
3. The reservoir was closed and pressurized, and a
fresh filter inserted in the Secondary Millepore
Filter.
4. The specimen was transferred from the vacuum
chamber, rapidly reweighed and then placed in a
Vinornold compression sleeve (1.6 inn under size on
the diameter) and positioned in the testing c1axtther.
5. Flow was started from the system by opening the
valve upstream of the Millepore Filter.
6. When flow issued from the upper filter plate in ,
the block of the test-cell, the block was clamped
down on the top of the specimen and the test
commenced.
7. The presence of air locks in the head of the cell
was determined by unclipping the manometer tubes
and holding them horizontal for a few moments.
Any trapped air then automatically emerged.
8. The first measurement of permeability was made as
soon as steady state conditions were prevailing in
the manometer tubes; and preferably not later than
2-3 minutes after the beginning of the test. The
levels in the tubes should be identical. Any
difference in the levels is an indication of air
bubbles present in the head of the test chamber.
Head and discharge was measured every five minutes
during the tests.
9. At the end of each test, the specimen was
reweighed. The standard laboratory version of
Darcy's Law for isothermal viscous flow through
saturated porous media was used in the calculation
of permeability as hydraulic conductivity:
4k-	 QiAth
in which k is hydraulic conductivity in cm/sec units
at 15.5°C.
S
Q is discharge from the test chamber in cm at
a head of Ii ems (mean reading of the two manometer tubes),
1 is length of the sample in cms.,
A is its cross sectional area in cm2.
t is in seconds, and
S
G is a temperature correction factor.
The tests of reproducibility were made using a 75 mm
diameter rock core of 77 mm length of Lower Keuper Sandstone
from Helsby, Cheshire (SJ49117541). It has an interconnected
porosity of 23.8 per cent. Air permeability tests on control
plugs cut from the same sample in horizontal directions gave
values of 2138,2297 and 2310 millidarcies with porosities of
23.7, 24.5 and 24.1 per cent. The test sample number was
352H2-95.
Altogether 11 separate tests were conducted (numbered
37-48), but only 7 of the tests produced reproducibility data
which was strictly comparable. The permeability against time
curves observed during these experiments are shown in Fig.44,
and refer to Test Numbers 37, 38, 39, 43, 45, 47 and 48 The
specimen was dried out overnight, resaturated and reweighed
at the beginning of each new test. The most striking feature
is the tendency for each test to have approximately the same
initial apparent permeability.
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iii) Results: Table 10 indicates a summary of results
obtained during the replication tests, and it requires
some explanatory comments. With regard to Test 37; in this
first experiment with the Mark III System, in-chamber evacuation
and resaturation was attempted, and from the initial
permeability value it is clear from subsequent tests that a
poor level of saturation was achieved, using this method,
probably a saturation of about 93.5 per cent. For the deter-
mination of 100 per cent saturation, the highest uptake of
water by the sample in the evacuation and resaturation
apparatus (PLATE l4B) was used. This value was 79.1 cm3 and,
as can be seen from Table 11, not all the initial saturations
corresponded to this figure. This was because in Tests 43-46
the specimen was resting not on the perforated disk in the
dessicator, but on the bottom of the dessicator vessel in
which position the pore channels opening at the base of the
specimen would have been restricted. In Test 47, the specimen
was again resaturated while resting on the perforated disk.
The saturation figures, then, are based on the
assumption that a water content of 79.1 cm 3 corresponds to
full saturation. In fact, it was the maximum saturation which
could be readily achieved under experimental conditions.
In Table 10, values forinitial and final permeabilities
are given together with the observed saturations at these
permeability values.
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The losses in weight to reduce the saturation of the test
specimen by 10 per cent were of the order of 8 gins in 750, or
slightly over 1 per cent, and these very small but critical
losses were readily measured using a PL2 Torbal Torsion
Balance. If these small weight 'osses had not been noticed,
then the problem of decline in permeability would not have been
explained.
Test 40 is omitted from fig.44 as severe degassing of
the test water occurred in the apparatus during the test,
and only initial and final permeabilities and saturations are
considered reliable.
Test 41 was abandoned owing to filtration difficulties
and Test 42 was conducted to study the effect of testing under
non-isothermal conditions. In Test 42, the final saturation
and permeai1ity are considered valid, as isothermal fluid
flow conditions were obtained at the end of the test.
In Test 44, a carbon dioxide flush was attempted prior
to saturation, in order to assist the achievement of full
saturation, according to the method described by Christiansen,
Fireman and Allison, 1946, and Chu, Davidson and Wickstrotn, 1955.
A significantly higher degree of saturation was not, however,
obtained, but the technique deserves further consideration and
experimentation.
iv) The Permeability - Saturation Relationship: The
data presented in Table 10 are plotted in fig.45, which shows
that a linear relationship has been established between
saturation and observed water permeability which may be extra-
polated to 100% saturation with confidence.
It is apparent from fig.45 that the true saturated
permeability of the medium may be deduced from the linear
function Y = 0.2x + 0.87, in which Y is the observed perm-
eability and x is the water saturation. The points plotted in
fig.45 have been derived from the precise paired measurements
of saturation and permeability, and they have been fitted on
to the indicated line using the least squares method. To
enable this to be done an assumption had to be made, viz., that
the relationship was linear over the saturation interval
90-100%; this is considered to be a justifiable assumption
(vide, Muskat, 1949, pp.276-277)
Using this line, the true saturated water permeability
of the sample is 2.87 x 10 cm sec-, and the five values
obtained at full saturation have a standard deviation of only
0.015 or about 0.5%. The values obtained were in fact 2.67,
2.71, 2.83, 3.02 and 3.02 x 10 cm sec. These values were
obtained in completely separate tests with two different
operators. They are quoted here as conclusive evidence that
with careful use, the Mark III Water Permeability Testing
System (and its successor the Mk.IV System) is capable of
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producing water permeability values for saturated rock with
a high degree of experimental accuracy.
v. Conclusions: The reduction in apparent water
permeability has been found to be reversible in the case of
Sample no. 352H2-95, and it is therefore considered that on
the evidence above, the reduction is caused primarily by
p
clogging of pore channels by exsolved gases. If the
reduction had been found to be partly irreversible, then
clearly some other explanation would need to be sought, such
as migration of fines or bacterial growth; but from the data
obtained on this apparently non-reactive sandstone, and from
the observed relationship between saturation and permeability
(fig.45), it is considered that the effect is primarily an
indication of unsaturated permeability.
Unfortunately there is no way of determining precfsely
the spatial distribution of the exsolved gas bubbles which
developed in the specimen during these tests, nor can their
presence be demonstrated except by loss of weight of the
sample. The change in density due to their presence is very
slight, but it might be detected using a very finely
collimated gamma-ray attenuation device such as the GRAPE
instrument (described in Tech.Rept.No.65-8U . Marathon Oil
Company, Denver). From the physical principles underlying the
tec1nique, one would predict that the majority of the bubbles
develop in the upper part of the test specimen, closest to the
.nflow interface where the test water experiences a sudden
oss of hydrostatic pressure.
It is considered that the observed reduction in
)ermeability of a fairly coarse homogeneous Triassic sandstone
:or a drop in saturation of only 10% is of some practical
ignificance; the permeability in fact, fell by about 70% for
:his drop in saturation. In terms of volume for volume
lisplacement of water by air, this amounts to only about 2.4
)er cent of the total bulk volume of the formation. An air
ontent of this magnitude is likely to be present in the zone
f annual fluctuation of ground water level, and also within
he cones of depression of pumping wells where it must
significantly reduce intergranular flow.
vi) Equipment Details: the Ivlk.IV System is made up from
bhe following principal components:-
1. Nitrogen gas cylinders - 2200 p.s.i.g. 40 cu.ft.
size fitted with 0-150 p.s.i.g. two stage pressure
regulators.
2. Pressure Vessel Reservoirs - Millepore Stainless
Steel Pressure Vessels, 1 and 5 U.S. gallon sizes.
3. Valves - Simplifix Klinger type, for ¼ inch nom. o/d
copper tubing.
4. Filters: Primary: Saludor Pressure Filter.
Secondary: Millepore 25 mm and 47 mm High Pressure
Filter Holders with Millepore GSWP filters.
5. Test Chamber: I.G.S. - modified Clockhouse
Engineering High Pressure Permeability Cell.
The total cost of the equipment is in the region of
a35O-400.
1.6. CORRELATION BETWEEN AIR AND WATER PERMEABILITY
The water permeability testing system, which has been
described at length above, was developed principally to
investigate whether the Permo-Triassic sandstones react in
the classical Darcy manner to the passage of different fluids
through them. It was considered particularly important to
study the degree of correlation beween values of permeability
obtained using air and those derived using water. Provided no
evidence was found to suggest the presence of non-Drcy '
behaviour, the measurements made using the more rapid gas
permeameter could then be used with confidence to provide
permeability data on flow of ground water through aquifers.
1.6.1. Procedure
Eighty 75 mm plugs, representing most of the stratigraphic
subdivisions of the Permo-Trias, and exhibiting a wide range
of facies were cut in horizontal and vertical directions
from both outcrop and borehole samples. The permeabirity of
the plugs covered the full range established in the main
study. Each of the plugs was tested using the I.G.S. Fancher
cell assenbly shown in fig.35, wijich, for the purpose of the
air correlation work, was coupled up to the gas permeameter
instrument panel shown in PLATE 15B.
ressure gradients and sample dimensions were measured in the
tsual way, and to cope with the greater discharge of gas from
:he larger size plugs, an additional high range rotameer was
nserted in the instrument panel (not shown in PLATE l5B).
;as permeability was calculated in the usual manner using
q. ( 5 ), the result being expressed in millidarcies.
After being tested using gas, the plugs were subjected
:0 a water permeability test using the Mark IV Testing System
lescribed above. The test water used was either deaerated
Ieionized tap water or distilled water. Each plug was tested
n the same sealing sleeve in both tests. Water permeability
zas calculated using Eq.(8), and the result again expressed
Ln millidarcies.
.6.2. Results and Conclusions
There are certain serious experimental difficulties
ihich should be borne in mind when the following results are
;onsidered. These have already been mentioned in the previous
;ection (. g9 ), but certain of them require additional emphasis
iere.
Firstly, it is essential to distingiish between genuine
lon-Darcy behaviour and experimental error. The former occurs
here the physical resistance of the porous medium to the flow
Df a particular fluid is exerted in a different manner to its
resistance to some other fluid.
rhe classic example of this effect is seen in sands
ontaining swelling clay minerals of the bentonite type,
hich alter their volume in accordance with the salinity
)f the pore water, with the result that the apparent
Dermeability of the sand to say brine and to fresh water
:hanges very considerably, an effect which has been extensively
3tudied, particularly by Baptist and Sweeney (1955) and many
Dthers
On the other hand, certain commonplace sources of
experimental error may imply that some form of non-Darcy
Dehaviour is present; in the context of the present study,
he presence of incomplete saturation when using water a
the test fluid is probably the most fundamental of these,
and this will result in a k value consistently lower than
the kG value. It is considered that, particularly in the
finer gra.ined sandstones where the capillaries are very small
in diameter, it may be physically impossible to fill all the
pore space in the sample with water when using a vacuum
technique. An intractable part of the problem is related to
the rather high vapour pressure of water at room temperature,
ihich means that the lowest pressure which can be obtained in
the pore space of a specimen as it is being saturated under
vacuum is only of the order of 15 torr. Much lower pressure
could be achieved by using a resaturating liquid of lower
vapour pressure, such as kerosene, but this is unsuitable for
qork in which the physical properties relative to water re
f paramount importance.
Secondly, much of the rock material being subjected to'
these tests was unusually coarse grained and fria)Dle. It is
Dossible that the passage of gas through cores in '
Darticularly weak state of consolidationmayphysically alter
bhe geometry of some of the flow channels, causing
Lrreversible ctanges in the permeability of the medium.
subsequent test using water which has a much higher density
nd viscosity may produce rather different values. In this
respect it is interesting to note that water is 832 times
enser than air at 20°C and 760 mm pressure, and 55 times more
viscous. very little is known of the detailed force fields
existing in the pore channel system during orthodox Darcy flow,
Let alone during non-Darcy flow. Bearing in mind the inherent
statistical element in the Darcy equation which means, in
practical terms, that the discharge rate of fluid over a unit
cross section of permeable material is the average of all the
discharge rates from each capillary channel, it is hardly
surprising that different frictional resistance is experienced
,ith different fluids. One would expect that the best hope
of demonstrating experimentally the existence of true Darcy
flow conditions would lie in testing extremely large specimens
of aquifer material containing millions of channels, provided
the problem of saturation could be overcome.
I	 Kmittidarcys
Figi16Corretation of gas permeabiLity(K] and water perrneabiLity[Kw] in
1rrn rtirne
Turning to fig.46, which sumrnarises the results of
tthe air-water correlation study on a lag-log basis, the
following conclusions can be drawn:
i) there is a marked degree of correlation between
and kG values
ii) the correlation is marginally closer at the higher,
md therefore hydrogeologically more significant end of the
Dermeability scale.
iii) there is a general tendency for water values to be
3lightly lower than the gas figures, except at values beyond
ibout 2000 md, where an inverse relationship may apply.
In fig.47, the degree of correlation is analysed on
he basis of kw/kG ratios, which have been plotted on a
iistogram. The margin of maximum expected experimental error
Ls t 20% and therefore, it can be seen that the peak of the
listribution, occurring at a kw/kG value of 0.6-0.79 is
)utside the limits of experimental error. The distribution
)f values is rather wide with only 35% of the ratio values fallinç
rithin the limits of experimental error. The histogram does,
owever, indicate that there is no tendency to skewness in
he distribution, nor any suggestion that the k values show a
Darticularly strong tendency to be markedly below the kG values.
In the writer's opinion, the position of the peak of the
listribution is readily explained by the problem of
esaturation under vacuum mentioned at the beginning of this
section.
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Fig.47 Frequency distribution of vaLues of
	 ratio.
'his problem is one which clearly deserves a great deal
)f careful study at research level, taking into account all
)f the five principal causes of lack of correlation
aentioned on p.89 . Nevertheless, it is considered that on
he basis of the data presented in figs.46 and 47, no
onvincing evidence has been found to suggest that any serious
eparture exists between permeability values obtained using
iir and those using water, provided both are expressed in the
larcy unit of intrinsic permeability. Non-Darcy behaviour
ias not been established, and there seem to be very few
reasons why it should be present in these chemically
relatively stable rocks.
L7. MEJSUREMENT OF SPECIFIC YIELD
.7.1. Introduction
The measurement of the specific yield of earth
naterials is a subject which has attracted a great deal of
ttention since its importance in groundwater and irrigation
studies was first recognised at the turn of the century.
rhe specific yield of a rock or soil is defined as the
uantity of water which a unit volume of the material will
ie1d by gravity, expressed as a percentage of its bulk
volume. The volume of water retained against gravity
expressed as a percentage of bulk volume is referred to as the
specific retention of the material, and specific yield plus
specific retention therefore equals porosity.
(11	 i
The importance of specific yield lies in the fact that
noci1edge of its value for a particular material enables
astimates to be made of the quantity of water which that
ttaterial, under confined or water-table conditions, will
rain by gravity to a pumped well. These estimates are used
in the determination of the groundwater resources available
in a particular area, and attempts to measure the property
ave been made in a number of widely different ways.
Johnson (1967) has provided by far the best summary
)f previous work on specific yield measurements, both in
he field and in the laboratory, practically all of the data
nd scientific literature being of American origan. He
ivides the various techniques which have been applied in the
o1lowing manner:
Laboratory Methods: i) Sample saturation and drainage
(column drainage).
ii) Correlation with particle size
iii) Centrifuge moisture equivalent (CME)
iv) Moisture tension techniques.
Field Methods:	 i) Field saturation and drainage
ii) Sampling after lowering of water
table
iii) Pumping method
iv) Recharge method
It is not necessary to describe each of these methods
n detail as this has already been done by Johnson.
En the same 1967 paper, he has also summarised many of the
Dublished values of specific yield for various materials
nd these are of considerable value for reference purposes.
The work undertaken in the present study, was carried
Dut in the knowledge that there is a total absence of
published data on the specific yield of the Permo-Triassic
sandstones of U.K. and for that matter, of many other aquifers
in this country. The selection of an appropriate measurement
nethod was, therefore, made on the grounds of practicability,
rapidity and accuracy.
Turning to Johnson's list of laboratory methods, it was
considered that the centrifuge moisture equivalent test was
probably the most suitable technique to adopt for the
measurement of the drainage characteristics of large numbers of
small test samples. The column drainage method has always
been used with unconsolidated samples and is not very suitable
for use with rock material. In the absence of much particle
size data, the correlation method was also inappropriate and the
IBoisture tension method, while being probably the most accurate
and scientific technique is very time consuming and prone to
experinental problems associated with moisture equilibrium
and hysteresis.
Accordingly, the centrifuge moisture equivalent test was
investigated to establish whether it could be adapted to
produce reliable specific yield data on consolidated, but often
friable rock samples as a routine core analysis procedure.
4.7.2. Previous work on the Centrifuge Method
The earliest work describing the results of centri-
fuging soil materials was published by Briggs and McLane in
1907; in this paper the concept of moisture equivalent was
originally defined as the moisture which a soil would retain
against a centrifugal force 3000 times that of gravity.
Three years later, Briggs (1910) suggested that a 1000 g
force could be used and subsequently, this moisture content
as referred to as the moisture equivalent of the soil,
expressed as percentage by weight. The selection of the 1000 g
force appears to have been entirely arbitrary, but Stearns
(1927) elaborated on the effect which a force of this
nagnitude might be expected to produce. By using the analogy
that if a material could lift under natural conditions water
against gravity to a height of 100 inches (254 cm) (as a
:apillary fringe), then by subjecting such a material to a
L000 g force, the capillary fringe could be artificially reduced
to 0.1 inch (0.25 cm) (or negligible proportions). In other
,ords, the centrifuge test reduced the moisture content of an
initially saturated sample to what it would be just above the
apil1ary fringe under natural conditions in the ground.
owever, the height of the capillary fringe developed in any
Darticular earth material is related to the capillary
:haracteristics of that material, and, therefore, samples
ii11 respond to the 1000 g force in differing ways.
Prill (1961), however, came to the conclusion that
he water retention obtained by centrifuging is at least
comparable to that obtained by gravity drainage of long
:olumns.
In the present study, it was considered desirable that
n attempt should be made to obtain specific yield values
which are of direct application in groundwater investigations,
rather than produce moisture equLvalent data by means of the
Durely arbitrary CME test. This led to the consideration
Df other earlier work in the field which had tackled the force
?roblem from a different approach.
In 1937, Schaffer, Wallace and Garwood, working at the
3uilding Research Station, published the results of a study
n Portland Stone in which the centrifuge method had been
ised to obtain what now would be called pF curves. They
compared directly results from the centrifuge with hydro-
static (moisture tension) data and came to the conclusion that
"the functional relation between water content and pressure
eficiency is the same for the centrifuge and hydrostatic
nethods". More important still they derived the following
squation which described the applied tension at any distance
from the centrifuge rotor at any speed of the rotor:
T = _____ (r 2 -r 2 )	 (9)
1	 2
2g
111
in which T is the tension in centimetres of water at
point radius r
W is the angular velocity in radians per second
g is acceleration of gravity in centimetres per
second per second
r1 is the distance of the bottom of a sample from
the centrifuge axis
is the distance of any point in the sample from
the centrifuge axis
This equation was taken up by Richards and Weaver who in 1944
published some of the first curves on soils for application
in irrigation work. They discussed the implications of the
Schaffer equation, and concluded that the standard moisture
equivalent test in a 10 mm high sample applies a tension of
between 100 and 1000 cms water. They also considered that ,
the gradient of tension developed in a sample during centri-
fuging is linear, provided the sample is homogeneous. Eq.(9)
has been used in the present study to compute applied tensions.
The most recent information on the centrifuge test was
published by Johnson Prill and Morris (1963) who, after a
series of very thorough experiments, demonstrated that
temperature control of the centrifuge is essential if
reproducible results are to be obtained. Their paper also
considered column drainage and its relation with centrifuge
moisture content. It is one of the publications produced as a
result of the United States Geological Survey special research
study into specific yield currently being undertaken t the
Hydrological Laboratory in Denver, colorado.
As far as the author is aware, the centrifuge has not
been used before for the measurement of specific yield of
consolidated aquifers. Mention should, however, be made of
the work of Mccullough, Albaugh and Jones (1944), Hassler and
Brunner (1945) and Slobod, Chambers and Prebn (1951) who used
a combination of a temperature stabilised centrifge and
stroboscope to determine capillary pressure curves for the
air/water system in oil reservoir rocks. These are the only
papers on this subject known to the author which have appeared
in the petroleum engineering literature.
4.7.3. EQUIPMENT
The specific yield tests were carried out using an MSE
Mistral 2L centrifuge, shown in Plates 16A and 16B, which,
following the work of Johnson, Prill and Morris (1963) was a
refrigerated model. This particular version allows the bowl
temperature to be maintained constant within ± 1°C over the
0	 0
range - 15 C to +40 C.
vertically oriented plugs were centrifuged using the
special eight place swing out head, shown in operating position
in Plate l6A. Each of the buckets contains a removable
perforated raised base in anodized steel on which the stainless
steel plug holder rests. The plug holder also has a perforated
base to allow bottom drainage to take place from the plug, one
of which is shown in position on the left of Plate 16A. Each
bucket is provided with a cap .which fits loosely so that air
pressure inside and outside the bucket remains constant during
A. The M.S.E.
Flistra]. 2L
Refrigerated
u entrifuge
S	
ráI
B. Internal
view of
angle head
assembly for
centrifuge
- specific
yield
experiments
I
PLATE 16
4.7.4. PROCEDURE
The operation of the test was very simple. When the
bowl temperature of the centrifuge had been brought to the
standard temperature of 15.5°C., the water-saturated rock
plugs were placed in the plug holders in the buckets and
centrifuging was carried out at a fixed speed and a constant
temperature for a predetermined period of time. At the end
of this period, the centrifuge was stopped, and the plugs
removed from the machine and reweighed. The apparent loss in
weight caused by drainage of pore water from the plugs was
converted to a volume and this expressed as a percentage of
bulk volume to give a value for "centrifuge specific yield".
Certain problems, however, had to be overcome to ensure
that all the samples were subjected to the test in exactly
the same manner. The most important of these were the
following :-.
i) Balancing the centrifuge head
ii) Effect of sample height and speed of rotation on
induced moisture tension (capillary pressure)
iii) Effect of duration of test on achievement of
moisture equilibrium
iv) Effect of lateral drainage.
i. Balancing the centrifuge head
The running of a centrifuge with an unbalanced head can
result in severe vibration and damage to samples as well
as damage to the machine itself. Particular care was taken
during this work to ensure that the head was properly
balanced by selecting batches of plugs with approximately
similar individual saturated weights. Final balancing of
opposite buckets to within ± 0.1 gm was accomplished using
2 mm diameter glass beads which weigh 0.03 gin apiece.
These can be easily accommodated below the perforated raisec
base in the centrifuge bucket, where they in no way hinder
the process of induced drainage. Provided opposite buckets
are balanced within 0.1gm, the pairs of buckets may differ
in weight by as much as 1gm before evidence of imbalance
during centrifuging begins to appear. Tablelindicates a
specimen laboratory test sheet, on which provision has been
made for calculation of the required extra weight for
balancing purposes. 'Basket position' refers to the locatic
of the plug in the saturation basket used for porosity
testing, which is the key to the identity of the plug.
(It should be pointed out that the handling of relatively
large numbers of unlabelled plugs poses special problems,
which were successfully overcome using the basket system
described on p.59).
ii. Effect of sample height and speed of rotation on induced
moisture tension.
The plugs were centrifuged at a speed which would
theoretically induce a moisture tension of atmosphere
at the centre point of the sample. The selection of the
particular value of 4 atmosphere or 343 cms H2 pressure
was based on
	
previous work on the moisture characteristic
of medium grained sands which suggests that, under field
conditions, gravitational flow of soil water in these material
effectively ceases when the tension reaches between l/1Q and
atmosphere. This value is given by Johnson, Prill and Morris
(1963), referring to the earlier work of Coleman, 1947 and
Richards and Weaver (1944). It is also quoted by Marshall
(1959).
The Richards and Weaver equation referred to above, and
on which the results reported here are based, enables the
angular velocity to be computed, provided values are inserted
for moisture tension, T and the radial distances, r 1 and r2.
Table 12 gives computed values of w and speed of rotation,
R is revolutions per minute, based on T = 343 cms water
tension, radial '
 distance r, equal to 15.05 cms (constant for
the head assembly shown in Plate l6A) and 14.05 . r2
 ? 13.40 c
In Fig. 48, the height of the test plug, 1-i, is plotted against
computed values of rotational speed, R, in revolutions per
minute. It can be seen that as the sample height increases,
the speed of rotation required decreases; this is because as
the sample height becomes greater, the top and therefore the
mid point of the specimen approaches closer to the centrifuge
rotor. At a given speed, the force experienced by a
centrifuged body increases towards the rotor; therefore, a
reduction in speed is necessary to maintain the applied force
at a constant level.
It follows that, during experimental work, all eight plugs
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are to experience the same force.
TABLE 12
VALUES OF ANGULAR VELOCITY AND SPEED OF ROTATION
FOR DIFFERENT VALUES OF SAMPLE HEIGHT
Sample
Ie i ght
Ii
cms
22
r1 -r2 R=w2 ii
r .p.s.
R
r .p.
2.00
2.10
2.20
2.30
2.40
2.50
2.60
2.70
2.80
2.90
3.00
3.10
3.20
3.30
14.05
14.00
13.95
13.90
13.85
13.80
13.75
13.70
13.65
13.60
13.55
13.50
13.45
13.40
197.40
196.00
194.60
193.21
191.82
190.44
189.06
187.69
186.32
184.96
183.60
182.25
180.90
179.56
29.10
30.50
31.90
33.29
34.68
36.06
37.44
38.81
40.18
41.54
42.90
44.25
45.60
46.94
23125.98
22064.46
21096.11
20215.26
19405.02
18662.40
17974.52
17340.02
16748.78
16200.43
15686.85
15208.27
14758.03
14336.73
152.07
148.54
145.25
142.18
139.30
136.61
134.07
131.68
129.42
127.28
125.25
123.32
121.48
119.74
24.20
23.64
23.12
22.63
22.17
21.74
21.34
20.96
20.60
20.26
19.93
19.63
19.33
19.06
1452
1418
1387
1358
1330
1304
1280
1258
1236
1216
1196
1178
1160
1144
It is considered that the tolerance on this measurement can
within 0.05 cm before appreciable error is introduced.
One final point should be made in relation to the significance
Eq. ( 9 ).
	
It is easily seen that if r, is set equal to r 2
 - h
id the equation solved for T, then a much higher value than 343 cm
obtained. Conversely if r 1 = r2 , then T = 0. Further
calculation of the intermediate points would demonstrate
the underlying assumption of this equation, viz, that in
an isotropic sample, moisture tension decreases linearly
with distance from the rotor, and is actually zero at the
base of the specimen where seepage occurs. It also follows
that if the tension is zero, then the specimen must be
saturated at this point.
iii) Effect of duration of test on achievement of moisture
equilibrium.
Studies were also made to establish the optimum period
of centrifuging having regard to the cost of the measurements
and the small number of samples which can be tested at one
time. The original CNE test employed an arbitrary one hour
period which Johnson, Prill and Morris (1963) investigated.
As might be expected, they found it to be adequate for coarse
grained materials but too short for fine grained silts and cla:
Fig. 49 presents data on the effect of duration of
testing on 8 plugs of rather variable permeability and porosit
The results were obtained during a 2-hour discontinuous test,
and care was taken to measure the weights of each plug as
rapidly as possible after each interval of time in order that
capillary redistribution of moisture in the plugs, which might
have affected the total pore water loss, was minimised. The
diagram illustrates the very rapid drainage that occurs during
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the first few minutes of centrifuging, which is followed
by a much more gradual dewatering until virtual equilibrium
is achieved after 1½ to 2 hours; in Fig. 49 an average 81%
of the total pore water loss took place in the first 5 minutes
of centrifuging.
On the basis of these results, it was decided that
moisture tests should be run for two hours in order to ensure
that equilibrium had been attained.
iv) Effect of lateral drainage
Many of the samples under examination displayed a
markedly laminated structure, which was more noticeable in
vertical plugs cut from them. Since there is abundant
evidence of higher permeability in the direction parallel
to the laminations, it was considered that there was a risk
of lateral drainage taking place during centrifuging. Such
a process of sideways movement of water could not take place
under natural field conditions where each column of saturated
aquifer adjoins other columns of saturated aquifer on all
sides.
An experiment was, therefore, carried out to establish
whether lateral drainage occurred. A batch of 8 plugs was
centrifuged and afterwards the curved surface of the plugs
was coated with a thin film of epoxy resin (the same mixture
as used in the gas permeability test, see p.76 ). They were
then centrifuged a second time and the results compared.
Table 13 indicates the data obtained, and it can be seen
that the water loss from coated plugs is significantly
lower, owing to the exclusion of lateral drainage, which
appears likely to take place even in plugs cut in the
horizontal direction.
TABLE 13
EFFECT ON SPECIFIC YIELD OF COATING TEST PLUGS
Plug Code	 Porosity I	 Specific Yield	 I Change
per cent I Uncoated I Coated	 per cerI per cent I per cent
	
67 3-2H	 23.60	 12.08
	 10 • 69	 -1.39
	
673-2V	 23.20	 11.54
	 10.26	 -1.28
	
67 3-4V	 25.22
	 14 • 65	 13.29	 -1.36
	
673-5 V	 22.46	 13.16
	 11.86	 -1.30
	
67 3-7 V	 22.24	 13.76
	 12.45	 -1.31
	
67 3-9 V	 27.52
	 17.49	 15.67	 -1.82
	
673-9H	 28.40	 17.56
	 16.27	 -1.29'
	
673-16V	 22.38	 10.61
	 9 • 60	 -1.01
The investigation of these problems resulted in an
improved testing procedure in which the simulation of natur
gravity drainage was made as precise as possible. The most
important elements of the method may be summarised as follo
1) the centrifuge should be precisely balanced and
temperature controlled;
2) the tested samples must be of the same height and
for comparative data, the speed of rotation should
be varied according to this height;
3)	 the test should be carried out for a minimum
period of 2 hours at a speed constant within
- 0/.
4)	 lateral drainage is a sizeable source of error
when testing rock cores; it may be effectively
minimised by the use of an epoxy resin coating.
4.7.5. Reproducibility of Measurements
The results of three repeat tests on eight plugs
under identical conditions are tabulated in Table 14,
with drainage expressed in this case as pore water loss.
It is readily seen that the standard deviations of the
values are small, and the figures for standard error
indicate that measurements can be reproduced to within 1%.
Undoubtedly, this superior accuracy is related to the high
standard of performance of the Mistral 2L Centrifuge.
TABLE 14
RESULTS OF THREE REPEAT TESTS ON EIGHT SAMPLES
P1	 Pore water loss, gms
Code 1st Test 2nd Test I 3rd Test
28v12A
28v13A
28V14
28V16A
2 8v19 B
28V20A
2 8V2 5
28 V2 6 B
3.418
3.274
3.222
3.464
3.362
3.662
3.343
3.263
3.451
3.263
3.371
3.491
3.361
3.577
3.479
3.271
3.482
3.257
3.332
3.496
3.356
3.675
3.470
3.313
Standard
deviation
0.026
0.007
0.063
0.014
0.005
0.043
0.062
0.032
Standard -:
of mean
0.015
0.004
0.036
0.008
0.003
0.025
0.036
0.018
4.7.6. Interpretation of Data
At this early stage and in the absence at the present
time of a satisfactory calibration, it is difficult to
judge whether the values of centrifuge specific yield•
obtained so far represent correct values of specific yield.
In the data sheets accompanying Chapter 6 will be found '
values on samples of medium to coarse grained Bunter sand-
stones from Area 2. These range from 7.8 to 27.0 per cent.
The analyses by Water Resources Board of short duration (not
more than 5 days) pumping tests produced specific yield
values of approximately 5 per cent.
In the case of the samples listed in Table 13 which
were fine grained Bunter Sandstone from Northern Ireland,
pumping tests have suggested a value for specific yield of
approximatelyo.8 per cent, compared with the 10-15 per cent
given by the centrifuge method. (Foster, 1969).
As a third example, centrifuge values on samples of the
hard Chalk of East Yorkshire suggest a specific yield of
about 0.3 - 1.0 per cent, where pumping tests have given
values of 0.5 per cent - (Foster and Milton, 1971).
In these instances, there is a considerable discrepancy
between the laboratory and the field values. However, the
centrifuge figures are the right order of magnitude. More-
over, it cannot be denied that the analysis of pumping test
data is often beset by difficulties which may result in the
values of specific yield being appreciably in error.	 The
I,
writer considers that the centrifgue method deserves
further consideration and that calibration of the technique
using capillary pressure curves should be attempted as a
logical development.	 The method offers a real opportunity
of assessing rapidly on a routine basis the specific yield
of both unconsolidated and consolidated materials.
(128)
rCHAPTER FIVE Correlation between LithoLogy and
aquifer properties
CHAPTER FIVE :
CORRELATION BETWEEN LITHOLOGY
AND AQUIFER PROPERTIES
5.1. INTRODUCTION
The consideration in detail of the large amount of
data which was generated during the course of the project,
can be undertaken using two rather different lines of
approach. In the face of an almost total lack of published
information, it had been originally decided to study the
whole of the British Permo-Triassic sandstone sequence;
this has been largely accomplished although owing to the
size of the problem at an essentially preliminary level.
For this reason, the interpretation of the results may be
tackled in two ways :
i) an interpretation in terms of lithology
(This Chapter)
ii) an interpretation in terms of statistical
probability (the following Chapter).
The following section describes in detail the manner
in which the aquifer properties vary with the lithology.
For this purpose, the sandstone subdivisions are considered
on the basis of the Areas used in Chapter Two as the frame-
work for the description of the stratigraphy. Within the
Areas, formations are dealt with in ascending sequence.
Each subsection is followed by a set of data sheets which
form an appendix of results on each formation. These
document the samples analysed and provide lithological
descriptions in a shorthand, which is explained below.
In this way, representative data on permeability, porosity,
density and centrifuge specific yield can be obtained for
any specified rock type, provided the description is based
on a thorough examination of a sample under a binocular
microscope. It is obviously not possible to estimate-
quantitative data in this manner with any high degree of
confidence, but a preliminary examination of a sample at
low magnification will allow an approximate estimate to be
made, and it is hoped that the data sheets in this Thesis
can be used in this respect as a work of reference.
TABLE 15
EXPLANATION OF LITHOLOGICAL SHORTHAND
b	 : breccia	 dk	 : dark
bf : buff coloured	 f	 : fine grained
(Wentworth)
br	 brown
C	 coarse (Wentworth)
cay : cavernous, vuggy
cg : conglomeratic
cn : clean
con : consolidated, indurated
cs : cross-stratified
fels : felspathic
fr	 : friable, very
poorly cemented
gn	 : green
gy	 : grey
gp	 gypsiferous
1
	
lustrous, glisteriin
lain	 : laminated
it	 : light coloured
m	 : medium grained (Wentworth)
md	 : muddy
mdst : iaudstone (Wentworth)
mf	 : containing mud flakes
m.tC	 : nu.caceous
ins	 : well rounded, or containing
'millet seed' grains.
mt	 : mottled colouration
pk : pink
r	 : red
sd	 : sand, sandston
sit	 silt (Wentwort
VC	 : very coarse(Wentworth)
vf	 : very fine
(Wentworth)
wc	 : well cemented
wg	 : well graded
wh : white
0	 : orange
p
	 : purple	 y	 : yellow
pb	 pebbly
Also on the data sheets will be found, in the column
'depth or outcrop' the letters 'o/c' signifying surface
outcrop, and 'in' signifying depth in metres.
5.2. NOTE ON PRESENTATION OF AQUIFER PROPERTY DATA
In the present study it was decided not to present aquifer
property data either in the form of core analysis logs of the
type used by petroleum service laboratories nor on a distribution
map. In the first case, borehole cores have not been sampled at
a sufficiently close interval for interpolation between
points to be reliable; on the other hand, presentation
of this type of data on maps is plainly misleading in the
current state of knowledge. The results of much more
intensive studies in the future may, however, be sufficiently
detailed for either of these methods to be justified,
particularly if these are based to a great extent on cored
boreholes.
All permeability data has been given in the millidarcy
unit which equals 0.966 x lO 6cm.sec 1
 (water), 0.966 x 108m
sec 1
 or 1.71 x 102 Imperial gallons per day per square foot.
For the convenience of the reader, one millidarcy is roughly
equal therefore to io_6 cm.sec.	 or 108m.sec -1
Finally, certain symbols used on the result sheets
require explanation. Those values asterisked * are values
for k on 75 mm cores in millidarcys; porosity and density
values where given for these cores will also have been
determined using the 75 mm core size. Those data suffixed
are air permeability values on 75 mm cores. Data suffixed
either * or, have not been included in the probability
distributions discussed in Chapter 6.
5.3. CORRELATION OF LITHOLOGY AND PROPERTIES, AREA BY AREA
BUNTER PEBBLE BEDS
	 AREA 1
The Pebble Beds in this area live up to their name and
they crop out over rather widely scattered districts with
their true nature and extent beneath the later covering of
Keuper rocks not being known in detail.
In the present study, only the sandstone units of the
sequence could be subjected to core analysis and different
techniques which will be described later (p.226) had to be
adopted in order to determine the magnitude of intergranular
permeability in the shingle beds. This type facies is
particularly well developed around Birmingham and on Cannock
Chase, and elsewhere close to the unconformity with pre-
Triassic formations eg to the east of Burton-on-Trent.
The sandy beds interbedded with the shingle facies.
were found to have a particularly high permeability, commonly
between 6000 and 12000 md. Samples were examined from the
Cannock Chase outcrop (Plate 2A) and from exposures near
Burton-on-Trent. Porosity was also found to be very high,
approaching the maximum (30-32%) for sands of this type.
The magnitude of these values is a direct reflection of the
clean and poorly consolidated nature of the sandstones at
least at outcrop.
When subsurface samples are examined, it is found that
there is only a slight tendency towards increased consolidation
The cores examined from two boreholes drilled between the
Warwickshire and Leicestershire coalfields (see Fig.19),
where virtually pebble-free sandstones assigned to the
Pebble Beds subdivision occur beneath Keuper Sandstone,
showed little evidence of either induration or cementation.
Values of permeability obtained from these cores (samples
No. 330-5 to 330-13 and 466-11 to 466-14) show much the same
range established at outcrop, i.e. between 5000 and 18000 md.
Porosity is again high at about 30/, perhaps fractionally
lower than at outcrop. The most striking feature of many of
these sands from the Bunter Pebble Beds is the cleanness and
uniform grading, in marked contrast to the very poor grading
of the intervening shingle units where these are developed.
The aquifer property values are reduced by cementation
in the few localities where this has taken place. In this
area, cemented samples were only obtained at Milford, Staffs
(sample No. 612), at one horizon in the Appleby Parva BH
(466-li) and at Ingleby, Derbyshire (518). It is possible
that cementation is more widespread that these results suggest.
When present, porosity is reduced to about 20% (cf reduction
to 5-9 per cent in Area 3), and permeability may decrease to
less than 1000 md.
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UPPER MOTTLED SANDSTONE	 AREA 1
As has already been stated (p 10 ), this subdivision
is only present in the extreme west of this area where in
the course of this study core samples were obtained from
two boreholes. A few outcrop samples were also obtained
near Bromsgrove but it is not considered that sufficient
material has been examined from the Birmingham City area
in order to come to any quantitative conclusions on the
properties of the formation in that district.
The test results from the Webheath borehole, where
practically a full section in the sand was penetrated below
some 180 ra of Keuper rocks, indicate that all gradations of
red sandstone are present, ranging from very fine grained
units through to clean medium grained beds.
	 As might be
expected, the aquifer properties alter with the grain size
and degree of sorting. As a general rule, the sandstones
are on the fine side and permeability is commonly between
100 and 1000 md with porosity about 25%.
In more detail, the very fine grained well-cemented or
consolidated sandstones possess minimal permeability (as low
as less than 1 md) and porosity reduced to 19 per cent
(695-26 and 695-37). The dominant fine grained sands may
be cemented (eg 695-31) in which case permeability lies
between 10 and 100 md and porosity is again reduced to about
23 per cent. Some of the fine sands are, however, friable
and well graded and in these beds permeability ranges up
to 2000 md with porosity greatly increased to 32-33%
(632 and 694). Next in gradation are the poorly graded
fine to medium sands which in spite of moderate porosity
(24%) show reduced permeability (500-1000 md), eg. sample
695-28). Finally at the coarse end of the scale, are the
clean medium sands which appear to be more common near the
base of the subdivision, as the underlying Pebble Beds are
approached. These have the highest permeability, reaching
7-8000 md with porosity moderate to high. These clean sands
were present both at Webheath (samples 695-27, 695-32 and
695-35), and in the Birmingham Tunnels Site Investigation
BH (samples 743-1, 743-3 and 743-4).
Partial cementation of the sandstone along cross-
stratification laminae appears to be a marked sedimentological
characteristic of the Upper Mottled Sandstone subdivision in
this area. It would be interesting to establish the general
distribution of the medium grained clean sands in both vertical
and lateral directions.
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LOWER KEUPER SANDSTONE	 AREA 1
The Lower Keuper Sandstone in this area exhibits
a wide range of lithology in contrast to adjacent districts,
each of the rock types possessing characteristic physical
properties, which together must result in rather complex
hydrodynamic behaviour.
Not surprisingly, the least permeable units of the
sequence are the mudstones and siltstones, which are found
interbedded with sandstone in the higher parts of the
succession in the eastern part of Area 1. These were,
however, also encountered in the extreme south, where they
were sampled in the Webheath BH (Samples 695). Permeability
in the mudstones is effectively zero, whereas in the silt-
stones, it is commonly up to 20 md, rising to 50 md in the
coarser beds (cf samples 325-1; 325-2; 466-3; 513; 695-1;
695-12; and 695-20). Porosity, on the other hand, is
generally between 12 and 20 per cent, depending on the extent
of cementation. These siltstones may be expected to extend
over relatively wide areas, and in view of the fact that they
commonly separate more permeable sandstone units, primary
transmissivity (See p.2I2) especially in the upper part of the
Keuper Sandstone is likely to be very reduced.
Fine grained sands are fairly widespread in the Keuper
and these may be divided into three groups: i) clean sands
with permeability 'of between 1000 and 2000 md and porosity of
30%, e.g. sample nos. 745-1 and 466-2.
ii) consolidated slightly silty sands (by far the most
usual) with permeability 400-600 md and porosity of 27-30%,
e.g. 68; 325-5; 330-4; 466-1; 512 and 695-13, and iii) well
cemented fine sands in which permeability is less than
lOOnd, and porosity 20-25% e.g. 695-2; 695-7 and 695-22.
The fine sands encountered in the Webheath borehole were
found to be more cemented on the whole than those sampled
elsewhere in this area at comparable depth.
The medium grained sands are generally clean, angular
and well graded with permeability ranging from 2000 to 10000 md
and porosity commonly about 30% (e.g. samples 27; 67; 69; 138;
325-8; 616; 695-6; 738-1; 745-4 etc.) The permeability value
is sensitive to slight changes in grain size within the
medium range. Many of the sandstones, however, range from fine
to medium and these have been found to have marginally lower
permeability of from 1500 to 5000 md, with porosity essentially
the same (e.g. 25; 95; 325-7; and 330-2)
These highly permeable medium sands with their
distinctive texture are the most significant rock types of the
Keuper Sandstone sequence in the Midland area. They appear to
be widespread in the centre of the area, and have been proved
to be present beneath the Keuper Marl in the area between the
Warwickshire and Leicestershire Coalfield, but they die out
in the extreme east and south, where their presence in the
Webheath borehole was found to be very subordinate.
Finally, we must consider the coarsest members of the
sandstone squence which as a general rule lie at or near
the base of the subdivision, close to the unconformable
junction with the underlying Bunter. Samples of these beds
have been tested both in the uncemented and cemented state,
with very different results. 2s might be expected, the
uncemented clean coarse sands are the most permeable members
of the sequence, with values exceeding 10000 md (e.g. 325-10;
466-5; 466-8; 466-9; 695-16; and 738-2) . Porosity in these
beds is rather variable owing to the widespread presence of
patchy cementation and it may range from 23 to 31% without
significantly altering permeability. In the cemented state,
perme.ability is obviously reduced but not to zero, even in
beds which macroscopically appear to have very low to
negligible porosity. Thus in samples 205; 695-10; 737-1 to 4
nd 738-5, intergranular permeability ranges from less than 1
to about 250 md, and porosity shows a wide variation from 5 to
L7% depending on the amount of cementation.
Density variation in the subdivision is closely related
to the degree of cementation and also grain size distribution.
eneral values showing quite wide variation are given below:
gms ccl
silts tones	 2.35 - 2.45
fine sands - clean 	 2.16
silty	 2.18
cemented 2.23
medium sands	 2.15 - 2.18
coarse clean sands 	 2.10 - 2.25
cemented coarse sands 2.50
SBy way of a digression, the aquifer properties of the
Lower Keuper Sandstone tend to reduce in value from the base
upwards. There is abundant evidence from the several bore-
hole sections examined that the coarsest and most permeable
sands occur near the base and these become finer grained as
the sequence is ascended, until, by gradation, the Keuper
Marl is reached, which consists almost entirely of material
of permeability less than 1 md. "Then consideration is being
given to the behaviour of the overlying Keuper Marl as a
confining bed, it should, therefore, be considered not as a
single planar boundary, but as a zone of transition.
Examination of the piezometric levels recorded in wells which
partially penetrate to differing degrees the whole Keuper
formation might reveal direct evidence of such a confining
zone in the Keuper beds. The highest recorded levels would
be expected in those wells which penetrated the greatest
thickness of the confining zone, and only these would show values
consistent over a wide area. The errors involved in calculating
gradients based on data from partially penetrating wells
would therefore be considerable.
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LOWER MOTTLED SANSTONE
	
AREP2
Only 2 samples were obtained of this subdivision in
the Nottinghamshire area and therefore no firm conclusions
can be drawn as to the probable range of aquifer property
values. The geological evidence points to a silty and
rather shaly nature with intergranular permeability probably
significantly lower than in the overlying Bunter Pebble Beds,
especially near the base, where the diachronous junction with
Middle Permian Marl occurs. *
* This has recently been confirmed by tests on samples from
the base of the formation at the IGS Research Site, at
Styrrup, Notts.
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BUNTER PEBBLE BEDS
	 AREA 2
In the Nottinghamshire area, the Pebble Beds are
cliaracterised by only very slight litho].ogical variation,
principally associated with changes in grain size and
bedding structure. Samples were examined from surface out-
crops but the bulk of the material caine from the Artificial
Recharge Site of Water Resources Board at Edwinstowe, near
011erton where a series of fully cored holes was drilled in
1969 (See Fig.20).
The outcrop samples were on the whole very unsatis-
factory owing to the deeply weathered state of the formation
which drilling has shown to exist down to depths of between
50 and 100 m. In this zone, the Pebble Beds consist to a
great extent of scarcely consolidated coarse sand with thin
pebbly lenticles. Recently, cores of very soft loose sand
brought to the surface in drilling operations at Clipstone
Forest apparently showed evidence of fracturing which may have
been caused by permafrost conditions during the Pleistocene.
The poor state of consolidation of the formation cannot,
however, be wholly explained by glacial interference, since,
in order for this to take place, high porosity and permeability
must have pre-existed in the formation at the onset of
glaciation.
Core material was extremely difficult to obtain down to
about 20 in, arid what little could be recovered was very friable
and difficult to handle. There is, however, no doubt that the
intergranular permeability of the shallow zones of the aquifer
exceeds the maximum value which can be obtained on coherent
cores. At a guess, it is probably about 40000-50000 md.
(40-50 darcys), with a porosity of 35-40%.
Both at outcrop and at Edwinstowe, the lithological
variation can be described in terms of several rock types,
which have distinctive properties:
i) probably the commonest rock type is medium-coarse
clean well graded sand, usually angular (Cf the
Lower Keuper Sandstone) and characterised by a
permeability of 5000-10000 md, exceptionally
reaching 15000 or 20000 md. Porosity is very
/
high and short ranged between 30 and 32%. Shallow
core samples and outcrop material gave slightly
higher porosity values (33-36%). Density is low
commonly ranging from 2.10 to 2.15 gms. cc,
decreasing to 2.05 to 2.10 gins cc 1 near the
surface. Examples of this group: 121, 194, 195
(outcrop), 505-6 and 505-
	 shallow), and 505-43,
505-53, 508-23, 508-37, 509-5, 509-14 and 509-55.
ii) Interbedded with group (i) and in a cross stratified
relationship to it, are fine to medium less well
graded laminated sands. Three types of these may be
di stingui shed: a) friable fine-medium laminated
with very similar properties to group (i), but
perhaps a marginally lower porosity (examples
are 508-56, 509-34, 509-44 and 509-49);
b) anisotropic laminated types, the anisotropy
being commonly caused by thin (2 mm) bands of
clean medium sand resulting in a high permeability
in some horizontal plugs (eg samples 505-8,
505-22, 505-48, 505-75 and 509-27). In this
category, permeability is liable to range very widely
from as little as 1000 md or less, up to 10000 md.
Porosity is also variable from 26 up to 34% and
density shows an equivalent variation. Finally, the
third type (c) comprises fine sands in which aquifer
properties are severely reduced by compaction arid by
cementation. Permeability has values lying between
500 and 2000 md with porosity between 25 and 30%
and density of approximately 2.20 - 2.25 gms. cc1
(eg samples 175, 505-66, 508-24, 508-40 and 509-29).
iii) Coarse to very coarse pebbly sands with patchy
yellow cementation giving a slightly indurated
texture. These have properties similar to group (i)
(eg 505-57, 508-20 and 508-27).
iv) Rare well cemented sands, with permeability of
a few hundred millidarcys and porosity reduced
to 20-21 per cent (eg 175, 176, 508-40 HY2 and
508-40 HX2, 5o9-25v1).
v) Finally, thin red siltstones and mudstones
impersistent, lenticular and of local significance;
in these beds intergranular permeability is
typically less than 20 md, the precise value being
closely dependent on particle size. Porosity is
meaningless in view of the low permeability.
In contrast to other sections in the Pebble Beds, the
Nottinghams.hire sequence shows a distant lack of beds of
massed shingle compared with, for example, Cannock Chase, and
also a lack of induration and cementation, compared with eg
Merseyside or the Severn Valley. Beyond doubt, it is the most
permeable section of the British Permo-Trias together with its
northerly extension into South Yorkshire (Area 6), although
there the lower part of the succession shows signs of becoming
finer grained, more consolidated with the total thickness of
high permeability sand being rather reduced.
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KEUPER WATERSTONES 	 AREAS 2, 4 and 5
Owing to scarcity of exposure arid a total lack of
subsurface material, the evaluation of the properties of
the Keuper Waterstones is restricted to the results of
tests on only 8 samples from 6 localities. These were of
brown siltstone and sandstone in which permeability was
found to range from less than 1 md up to 800 md7 porosity
in the Nottinghamshire material was high at about 30 per
cent, but this may be a result of weathering. Material
from Cheshire and Shropshire showed a much lower porosity
of between 4 and 24 per cent.
Bearing in mind the incidence of interbedded mudstone
in this formation, it is considered that no firm conclusions
can be drawn on such scanty data, but that it is likely that
the sandy beds become progressively less permeable as the
sequence is ascended and that, taken as a whole, tbe formation
is hydrogeologically insignificant.
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LOWER MOTTLED SMDSTONE
	
AREA 3
Within the so-called type area of the Bunter, the
Lower Mottled Sandstone, in spite of its striking variegated
appearance in natural exposures (Plates 3A, 3B) has been
found to have very uniform physical properties. Both surface
and underground samples have been examined and no material
difference in values was observed suggesting that the
cementation which affects other parts of the Perxno-Triassic
sequence did not affect the formation to any great extent
in this area.
The dominant lithology comprises rather poorly graded
soft and friable red sandstones, ranging from very fine to
medium. Coarse units tend to be thin and rare, permeability
ranges from 1000 to 10000 md, and is controlled mainly by the
grain size distribution. Owing to the generally laminated
structure of the beds, anisotropy is relatively coiranon, eg
samples 33, 44, 465-31, 640 and 644. Density is low ranging
with rare exceptions from 2.08 to 2.18 gms cc 1 . Porosity is
uniformly high from 28-33%.
It is remarkable that even at depths of between 360 arid
420 m in the Bellington No. 4 BH (Fig.2l), this sandstone was
found to have a permeability of up to 6000 md and porosity of
28-29%, with very little sign of induration or cementation.
Unfortunately, the very rapid thickness variation of this
unit of the Bunter (mentioned in Chap.I arid VI) greatly
complicates the evaluation of its true significance as an
aquifer, and its hydrogeological relationship to the more
consolidated overlying Bunter Pebble Beds.
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BUNTER PEBBLE BEDS
	
AREA 3
The principal source of material from the formation
in this area was the Bellington No 4 BH (sample Nos. 465-13
to 465-26, Fig.21). These samples were reinforced by numerous
outcrop samples which gave values for aquifer properties of
similar magnitude to horizons of the same lithology in the
Bellington No 4 BH. The effect of weathering on plugs cut
from the outcrop samples is therefore thought to be small.
The shingle facies of the Pebble Beds is present in
the area in the cemented state except in the Shifnal area
where the cementation is far less widespread. It has been
established from measurements on samples 470, 471 and 646
that intergranular permeability is virtually nil in the
cemented units (such as those shown in Plate 4A), and it is
concluded that ground water movement tbrough them can only
take place by fissure flow. Storage is also likely to be
minimal as porosity is reduced to between 5 and 9 per cent.
As evidence of the degree of cementation, the saturated
density of these beds was found to be between 2.53 and
2.60 gins cc 1, which compares with about 2.15 gins cc 1 in
the friable coarse sands which are the dominant litliology
of the subdivision in this area.
The interbedded coarse sands possess a maximum inter-
granular permeability of about 9000 md and these deposits
are therefore amongst the most permeable of the Permo-Triassic
Il AO
sandstones in theUK. They are also characteristically
friable, even at considerable depth in boreholes (eg
Sample 465-16 from 243.8 m depth and 465-18 from 274.3 m).
Porosity in these coarse sands was found to be slightly
less than the maximum and in spite of the high permeability
seldom exceeds 27 per cent.
The effect of poor grading on permeability is well
illustrated by sample 465-15 in which in spite of moderate
porosity, intergranular permeability is remarkably reduced.
Not all the sandstones samples from this subdivision
were coarse.Nos. 465-22, 627 and 639 are examples of the
types of finer grained material also encountered in the
sequence. In these intergranular permeability is much lower
than in the coarser material and ranges up to only a few
hundred millidarcys. Porosity in these units is moderate at
about 24 per cent.
Many of. the samples were found to show distinct
permeability anisotropy, caused no doubt by marked laminated
structure, eg sample Nos. 465-15, 465-16, 465-20 and 465-26.
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4UPPER MOTTLED SANDSTONE
	
AREA 3
In this area, a good section through most of this
subdivision was examined in the Bellington No 4 BH (samples
465-0 to 465-12 Fig.21). The bulk of the sandstone has
been found to have rather low intergranular permeability
mainly between 100 and 1000 md owing to the generally muddy,
indurated nature of the formation. There are, however, some
units which consist of cleaner sand (samples 465-3 and 465-9)
and in these, permeability ranges up to about 5000 md, the
maximum for the Upper Mottled Sandstone.
Porosity tends to be rather reduced by the silt and
mud content and the degree of induration; it is between 21
and 26% in these beds, rising to nearly 30% in the less
cemented friable zones. Saturated density varies inversely
with porosity and ranges from 2.14 to 2.30 gms cc.
The few additional outcrop samples examined from this
area provided rather low physical property values, in broad
agreement with the data on the borehole cores.
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LOWER KEUPER SAND STONE
	
AREA. 3
In Area 3, the general picture for the Lower Keuper
Sandstone is one of fine to medium, mainly rather friable
sandstones with permeability generally between 1000 and
4000 md and porosity ranging from 27 to 32%. There is a
tendency for the sands to become finer to the south towards
the surface junction with the overlying Keuper Marl and
aquifer property values reduce in this direction.
It has to be admitted, however, that the distribution
of samples is unsatisfactory owing to a complete lack of
subsurface material. The samples from Shipley Hill,
Claverley (Nos. 40 and 41) indicate how local carbonate
cementation can reduce both the important aquifer properties
to low values. It is significant that once again, the lowest
values have been obtained from near the base of the formation
(cf areas 4 arid 5).
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LOWER MOTTLED SANDSTONE	 AREA 4
By comparison with the adjoining Area 3 in which a
significant nuirther of samples were examined, the Lower
Mottled Sandstone in Shropshire and Cheshire shows much
greater lithological variation. The consequent variation
in aquifer properties has been studied using both surface
and underground samples.
In the upper part of the formation, siltstones and
very fine grained sandstones are common which as might be
expected were found to have a very low intergranular
permeability frequently below the lower limit of resolution
of the equipment (1 md). Examples of these deposits are
samples Nos. 747-5 and 763-10, 763-12 and 763-13.	 Slightly
less cemented varieties (747-2 and 747-3) have a permeability
rising to 20 md.	 Porosity in these beds was found to range
between 10 and 15% exceptionally as low as 5%, with density
relatively constant between 2.35 and 2.40 gins cc1.
At lower levels in the subdivision, on the evidence
of the Shif fords Bridge, Rodway, Sheepbridge and Bolas Bridge
(Fig.22) boreholes, it appears that much coarser and more
permeable sandstones occur, a fair proportion of which are of
the much described laminated 'millet seed' type. 	 Except
certain rather muddy types of these which gave only moderate
values for aquifer properties (eg 461-4), the majority of the
lower millet seed sands gave extremely high permeability
figures, moderate porosity figures and intermediate density
data. Permeability was found to be strongly anisotropic
with respect to the vertical direction owing to the commonly
laminated structure (eg samples 461-6, 597, 746-6 to 746-9).
Even in cemented varieties, anisotrcpy was still found to
occur (No.747-6). Samples Nos. 746-2, 746-3, 747-9 arid
747-12 are typical examples of the millet seed sands,
characterised by a highly sorted medium to coarse grain size
and a high degree of rounding and polishing. Permeability
ranges from 3000 to 10000 md and in a significant number of
samples reaches 12-18000 md. In contrast, porosity rarely
exceeds 30% and may be as low as 25% owing to the presence
of patchy carbonate cementation. Density at about 2.20 gins
cc 1 also is not as low as might be ecpected from the
permeability figures.
In summary, therefore, the upper levels of the sub-
division are predominantly silty in nature and of low
intergranular permeability, and these are underlain by the
classic, highly permeable millet seed sands. From examination
of the complete cores at the Rodway, Sheepbridge and Bolas
Bridge (Fig.22) sites, it is clear that these two subfacies
interdigitate with one another and that no sharp junction
exists between the two. The presence of the rather
impermeable upper part of the sandstone in the Sheepbridge
and Bolas Bridge boreholes partly explains the poor yield
of these wells, compared with the Rodway site which commenced
at a lower stratigraphic level and penetrated deeply into the
much coarser lower sandstones.
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BUNTER PEBBLE BEDS	 AREA 4
In the mid-Cheshire and Shropshire area, the Bunter
Pebble Beds, displaying a facies transitional between that
present in Area 3 and that in Area 5, have been found to
have rather variable physical properties.
The principal controlling factor is not so much
grain size as degree of cementation. In comparison with
Areas 1 and 3, this is far more widespread at this horizon,
and many of the samples examined were similar in texture to
those obtained in Merseyside and the Chester area.
Where the cementation is well developed, as for
example in the coarse sandstone samples 461-1, 763-4, 763-5,
arid 763-8 (all from boreholes incidentally), permeability is
found to be reduced to a few hundred inillidarcys and porosity
may be as low as 14%. In those sands where cementation has
reduced porosity to a lesser extent, i.e. to about 21 or 22
per cent, permeability is much higher, being between 1500 and
2500 md (eg samples 55 and 601).
Some coarse clean subsurface sands were tested from
the Shiffords Bridge BH (461-2 and 461-3) arid these, with
permeability up to 6000 md and porosity of up to 25% are
physically identifiable with similar clean sands examined
in Areas 1 and 3.
It is considered that in view of the far more widespread
induration of this subdivision of the Trias in this area, the
high aquifer property values obtained on certain friable out-
(1S4
crop samples such as 600 and 606 are probably over
optimistic and are not representative of sub-surface
conditions in the formation.
On the whole, therefore, both intergranular
permeability and porosity are reduced in this area by
cementation.	 Further data are required from West
Shropshire where unfortunately very little material was
forthcoming for the present study.
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UPPER MOTTLED SANDSTONE
	 ARFA 4
In this area, these dominantly fine grained sand-
stones are found in both the cemented and the uncemented
state. Samples 52'and 609 represent the cemented condition
in which intergranular permeability is about 200 to 300 md
and porosity lies at 24-26%. The uncemented sands tend to
be brighter red in colour and markedly cleaner as a result
of which permeability reaches several thousand millidarcys
and porosity approaches 30% (samples 49, 72, 73 and 603).
Owing to the lack of samples from boreholes, one
cannot speculate about the probable degree of cementation
at depth. The present evidence suggests that it is rather
patchy in its distribution.
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LOWER KEtJPER SANDSTONE AND KEUPER BUILDING STONES
	 AREA
The aquifer property evaluation in this area was
severly hampered by a total lack of subsurface material.
The few outcrop samples examined were found to have quite
variable properties, reflecting considerable lithological
differences.
It appears that intergranular permeability and porosity
may be reduced by cementation near the base of the subdivision
(sample 610) where particularly hard, coarse sandstones may
be present. Near the top, as at Marchamley Hill (sample 54)
fine grain size may also restrict permeability, as the
formation passes upwards into the mainly silty Waterstones
facies. Occupying the middle part of the formation, are the
much more permeable and commonly exposed cross-stratified
friable yellow sands, in which porosity reaches 30% or more
and intergranular permeability is as high as 2000 to 4000 md.
It is emphasised, however, that the quantity of data available
is small and that further work is required before a reliable
estimate of the physical property variation can be given.
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LOWER MOTTLED SANDSTONE 	 .AREA 5
Throughout Area 5, the Lower Mottled Sandstone is
very poorly exposed, and owing to the considerable depth
at which it lies over much of south Lancashire and Cheshire,
few boreholes penetrate it. Only 2 samples were examined
both from natural outcrops at Burton and Stanlow. In both
cases, the medium to coarse grained sandstones was found to
have a moderate to high permeability and moderate porosity
(see data sheets). The formation is markedly crossbedded,
and further evidence from borehole cores is urgently
required before the true extent of intergranular flow in
the formation can be assessed. The evidence from other
areas is encouraging.
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BUNTER PEBBLE BEDS
	
ARFA 5
The rather indurated nature of the Pebble Beds and
their general lack of pebbles in this area has already
been mentioned (p25). The most common lithology, hard
pale red cemented sandstones of medium grain size, is
moderately permeable (up to about 3000 md) but porosity
is reduced to between 20 and 25% by the cementation which
is widespread at depths of only a few metres below surface.
Many subsurface samples were taken in this area from the
New Mersey Tunnel section and from cored boreholes in
Liverpool and Birkenhead (see Fig.23). The presence of
moderate permeability with rather reduced porosity indicates
that the pore channels through these satdstones must be
relatively wide, compared with those in more friable higher
porosity sandstones of the same permeability.
Outcrop samples from the area were found to have much
higher values for both porosity and permeability, a feature
attributed to slightly coarser grain size and lack of
cementation, caused partly by subaerial weathering. 	 The
samples from New Brighton and Hunts Cross, however,
confirmed the rather low values obtained from the New Mersey
Tunnel and Merseyside boreholes and these results point to
a generally higher density (about 2.30 gms cc 1) for the
pebble Beds in the Liverpool area than in the adjoining
districts to the south (Area 4). Unfortunately borehole
cores were not examined, except in the Merseyside area.
(1 cQ
Occasional grey sandstones encountered in the New
Tunnel, in boreholes and in surface outcrops were found
to have a very low permeability without exception, an
interesting case of colouration appearing to be correlated
with distinct physical properties (cf samples Nos. 345,
359-10, 359-18 and 753-4).
Micro-laminations were found to cause severe
permeability anisotropy in several samples (359-7, 359-11).
Finally, some sandy beds of very unusual texture were
found in the eastern part of the New Tunnel drivage (359-21
to 359-23). These beds closely resemble parts of the Penrith
Sandstone they display a laminated structure, consisting of
large millet seed grains embedded in a dominantly fine grained
matrix. Their physical properties are similar to those
determined on sample Nos. 549-2 to 549-4 from Stamp Hill
Mine, Westmorlarid (see page 179 ).
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BUNTER SANDSTONE	 AREA 5 (Vale of Ciwyd)
Samples from the little-known Vale of Ciwyd Triassic
basin were obtained from 2 boreholes drilled by Water
Resources Board near Denbigh and Ruthin. This work offered
an opportunity ofcomparing the lithology and physical
properties of the isolated Ciwyd Triassic sandstone with
similar sandstones in the Sliropshire-Cheshire basin.
The core material was found to be distinctly homogeneous
with coarse sands and pebble beds conspicuously lacking. The
commonest rock type appeared to be fine to medium, laminated
and rather indurated sandstone, much of it cross-stratified.
The physical properties of this material were found to have
relatively constant values; intergranular permeability is
commonly between 100 and 400 md, porosity ranges from 20 to
25 per cent with centrifruge specific yield values ranging
from 10-13 per cent. Density is moderate at about 2.25 gins.
cc i . Typical examples of these sands are Nos. 748-2 to
748-6 and 749-3, 749-4 and 749-8.
Subordinate rock types interbedded with these sands
comprise well cemented compacted fine sands such as 748-3V
and 749-6 with permeability of less than 50 md, porosity of
about 20% and centrifuge specific yield of only 4-5%. At
the other end of the scale, the most permeable members of
the sequence are either clean, well graded medium sands such
as 749-5HX/HY and 749-7 (up to 4000 md) or those poorly
graded laminated types in which the coarser laminae are
composed of clean sands of the millet seed type, which,
as expected, display a marked anisotropy (748-1, 748-9,
748-11). In these, although porosity does not rise beyond
24 per cent, permeability may reach 4000 md in the
horizontal direction.
In general lithology and physical properties, the
Ciwyd sandstones closely resemble the Lower Mottled Sand-
stone of Sliropshire (Area 4). Some rock types in particular
show a striking similarity, eg: the anisotropic poorly
graded sands, and the rather better graded medium types
with patchy white cementation. The latter are especially
found in the lower part of the formation around Oswestry
(cf. samples 622 and 660 with 749-2, 749-5 and 749-8).
Whether the close lithological similarity is evidence of
chronological equivalence is, of course, more open tto
question.
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UPPER MOTTLED SPNDSTONE 	 .AREP 5
The Upper Mottled Sandstone over this area is
characterised by great lithological variation. This
variation is emphasised by the physical property data
and to a large extent the two parameters may be correlated.
Most of the outcrop samples were found to give values
higher than borehole material, an effect commonly
attributed to weathering processes. Even in these, however,
the primary sedimentological feature of lamination
characterised by very large differences in the grain size
of adjacent laminae is very obvious and the cause of marked
permeability anisotropy (eg samples 341 and 342). In the
outcrop samples, colour differences in the mottled parts of
the sandstone bear no relation to differences in physical
properties.
Some beds are muddy in appearance and these were found
to have moderate porosity, fairly low saturated density
and low permeability (samples 351 and 463-4). On the other
hand, occasional clean sands of only fine to medium grain
size gave particularly high values especially for permeabilit:
(samples 365, 370, 662-3, 756-4). These clean sands are als
particularly well-graded.
A striking feature of the Upper Mottled Sandstone in
this area is the presence of silicified veins which traverse
the sandstone at high angles and are commonly associated
with faults (see Plate 6B). From their disposition and
general relations, they are likely to act as hydraulic
barriers to ground water movement through the sandstone as
a whole. It has been found that the intergranular
permeability of these vein-rocks is very low (samples 371
and 379) and is probably minimal at right angles to the
strike of the veins owing to the siliceous cementation
having taken place along essentially vertical planes. Some
of the borehole samples from Liverpool are from similar
veins and here the values are even lower (see samples 760-1,
760-2 and 760-4). The saturated density of the veins iè
very high, approaching 2.43 gms cc with porosity reduced
to as low as 12.5 per cent.
The sandstone is found to show some variation in its
properties with depth. Whereas at Partington, near
Manchester (sample 463-3 and 4) it appears to have moderate
to high intergranular permeability, moderate to high porosity
and a generally friable nature, in the Ashton BH5, near Tarvin,
Cheshire the sandstone is clearly more indurated, with porosity
rather reduced and permeability distinctly lower. By contrast,
the Liverpool BH5 show a highly variable lithology with
physical property values showing extreme range, the maximum
(1
values (up to 13000 md and 31% porosity) being obtained
on the friable pink/yellow mottled sands (samples 756-4
and 756-5) and the minimum (less than lmd and 13% porosity)
being obtained on cemented grey sandstones such as 760-1
and 760-2. Values from the more common laminated fine
red sandstones are intermediate in magnitude.
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KEUPER SANDSTONE AND KEUPER CONGLOMERATE	 AREA 5
Of the Keuper Conglomerate, a local development
restricted to this area, only two sampleswere examined.
The results (samples 338 and 382) indicate clearly that
intergranular permeability and porosity in this unit is
very reduced by siliceous cementation, and it is concluded
that movement of water through it must take place by
fissure flow.
On the other hand, the overlying mainly buff, yellow
or pink Keuper Sandstone is characterised by a highly
distinctive petrophysical nature. In spite of widespread
cementation, which imparts to the sandstone a moderate
degree of strength, the beds are extremely permeable
ranging from 1000 up to 15000 md. Porosity, however, is
not particularly high at 20-25 per cent. The sandstone is
one of the best examples in this country of a coarse clean
sand in which cementation has to a large extent only
occurred at the contact points of the individual grains.
As the sands are, on the whole, relatively well graded,
this has led to the presence of well defined pore channels
of quite large dimensions; but the cementation has also
had the effect of significantly reducing porosity while at
the same time, greatly, strengthening the formation. The
petrophysics of these sandstones contrast strongly with
less well graded uncemented Triassic sands, for instance,
the Bunter formation in Nottinghainshira in which permeability
has much the same magnitude, but porosity is slightly
higher owing to the absence of cementation.
A few of the samples from this area were markedly
fine and coarse laminated in much the same manner as some
beds from the Upper Mottled Sandstone subdivision. The
texture is responsible for great anisotropy, eg samples
757-1 and 758-2. These rock types are, however, rather
uncommon, and the bulk of the clean medium sands of the
Keuper are isotropic.
Owing to the superior strength of the sandstone,
jointing is more widespread and less random in occurrence
than in the other sandstones of the Permo-Trias sequence
in the area. This factor, coupled with the magnitude of
the intergranular permeability, should result in high
transmi s sivity.
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BUNTER SPNDST0NE (UndivideJ	 ARE2 6
Within the undivided Bunter Sandstone of this
area, extending from Doncaster in the south to the
coast at West Hart].epoo]. in the north, there is a
general tendency for the sandstone units to become
finer in a northward direction and this is demonstrated
well by the core analysis data presented on the accompany-
ing data sheets. South of York, the sandstones are on
the whole medium to coarse grained, friable in nature,
ranging in colour from pale grey to brownish red. Many
of the core sainles from boreholes in the Doncaster-York
area (see Fig.24) have a high intergranular permeability
approaching the maximum reported for sandstones. The
results from the Hatfield Woodhouse, Highfield Lane and
Finningley B.Hs (Nos. 485-7) show very high values approach-
ing or exceeding 10000 md. There is, however, a marked
tendency for these values to reduce at depth, as the sand-
stones become more fine grained at lower levels in the
Bunter Sandstone. However, samples of the sandstone from
deep boreholes drilled in the east of the area (Nos. 155,
166 and 178) suggest that the sandstone has a significant
intergranular permeability (up to 2000 md) even at depths
of 300 m below surface. 	 As a general rule, the fine
sandstones have a permeability of 2-300 md, medium sands
range up to 2-3000 md and coarse sandstones up to 10-15000 mc
The presence of mudflakes, eg. in sample 155-3 reduces
k values in coarse sandstones, but on the whole it is
the grain size which is the controlling factor. There
is no evidence to suggest that the grey or greenish
grey sandstones differ in their physical properties from
the red members of the sequence.
To the north of York, the sandstones become notice-
ably more indurated and the coarse units die out. The
bulk of the material consists of fine grained red or grey
sandstones with permeability seldom exceeding 1000 md.
Some units are well cemented, with permeability reducing
to zero. Lack of borehole material has resulted in a
picture which may not truly represent conditiois at depth,
where calcareous cementation is expected to be more wide-
spread.
As will be seen from the data sheets, south of York
the sandstone is characterised everywhere by moderate to
high porosity owing to the general lack of cementation
and the friable nature of the formation. High porosity
is particularly noticeable in the shallower borehole
samples. Fine, medium and coarse samples show porosity as
high as 30-34%, with values of saturated density as low as
2.04 gins cc 1 , even at depths of about 300 rn. In most of
the deep boreholes, however, porosity is reduced to 22-25%
with the saturated bulk density rising to 2.28 gins cc1.
In the lowest levels of the formation near the junction
with the underlying Middle Permian Marl, fine grained basal
sandstones show a reduced porosity as low as 22.9%
arid increased saturated density reaching 2.29 gins cc1.
North of York, the physical property data suggests
that the fine grained sandstones found close to the
Permian junction in the south expand at the expense of
the upper coarser units. The dominantly brownish red
sandstones of the Vale of York arid Teesside have a
saturated density which exceptionally reaches 2.51 gms
cc_i (No.538) with porosity as low as 9.6%. As a
general rule, porosity is about 27% and saturated density
about 2.18 gins cc1.
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ST.BEES SANDSTONE
	 AREA 7
To the north of Barrow-in-Furness, the northward
continuation of the Bunter Sandstone of Lancashire is referred
to as StBees Sandstone. This formation has been found to be
characterised by low to very low permeability, and low to
moderate porosity. In general the properties are much lower
in value than the Bunter farther south in Area 7, although the
overall range is quite similar, especially for porosity and
density.
The most permeable sandstones are medium grained with
patchy cementation which may result in a slightly cavernous
appearance under the microscope. rn these, permeability may \.
range up to several hundred millidarcies with porosity about
22-25 per cent (e.g. 751-3 and 751-23). The majority of the
sandstones, however, are more uniformly cemented, frequently
laminated and generally fine grained. In these, typical
values are from 30 md down to 0.3 md permeability, and from
12 to 20 per cent porosity. Permeability anisotropy is
noticeably high in these sands (750-5, 751-15), but owing to
the low magnitude of the permeability is probably of very
little practical significance. Finally, at the low end of
the scale are very fine grained well-cemented sandstones with
permeability as low as l0 md and porosity ranging as low as
4 per cent (751-41 and 751-43).
In summary, the St.Bees in this area displays a
spectrum of gradational lithological types, and the
physical property values vary accordingly.
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BUNTER SANDSTONE (undivided)	 AREA 7
Over most of this area, the Bunter beds are
covered with variable thicknesses of glacial drift.
For this reason, only three of the samples examined
were from outcrops, one from Roach Bridge near Preston
and the others from a disused quarry at Ormsgill, near
Barrow-in-Furness; all the remaining samples came from
borehol cores.
In marked contrast to other sections of the Permo-
Trias, particularly those in Nottinghamshire and the
central Midlands, the formation in this area has a
generally low intérgranular permeability and low porosity..
The sandstones are almost entirely consolidated or well
cemented, and the friable types encountered further south
are practically completely lacking even close to the sub-
drift surface.
Much of the material is fine grained, occasionally
becoming very fine grained, arid permeability in these beds
ranges from 10 to 100 md with porosity lying between 15
and 20 per cent. Where the grain size grades upwards into
medium, then permeability is found to increase marginally
to 300 or 400 md, and porosity may rise slightly to 24 per
cent. Lamination is common in the finer grained sandstones
where it leads to marked permeability ariisotropy, with
values in the horizontal direction up to 4 or 5 times the
(1
vertical values (e.g. samples 394, 462-7, 49l-1 491-4,
577 and 582-2)
Both coarser and very fine-grained rock types
occur in the formation to a limited extent. The coarser
sandstones, ranging up to medium or coarse sand may be
fairly clean, moderately well graded and less cemented,
eg. samples 462-3, 577 and 579. In these, permeability
reaches 2-300 md, and porosity rises to 28%, with saturated
density decreasing from about 2.35 gms cc
	 (in fine-sands
well cemented) to 2.20 gms cc.
Occupying the other end of the scale, are the very
fine grained sands and coarse silts which occur more and
more frequently in the sequence as the formation is traced
northwards. As might be expected, these units are
characterised by minimal permeability, porosity as low as
10 per cent, and saturated density as high as 2.51 gins cc1.
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PENRI TH SANDSTONE 	 AREA 8
In view of the generally rather soft, medium
grained nature of the Penrith Sandstone and its obvious
potential as an intergranular flow aquifer, sampling over
the outcrop was carried out at rather more frequent intervals,
especially in the Penrith-Brough district • The author is
grateful to Mr. A.J. Wadge, IGS Leeds Office, for suggesting
localities, the samples from which would adequately cover the
complete range of lithology in the formation. Surface data
was reinforced by data from drill-cores at three sites, and
by underground samples from the Stamp Hill Mine of British
Gypsum Limited.
As has already been pointed out, thb Penrith Sand-
stone is subject to a good deal of local facies variation;
accordingly, the correlation of lithology with aquifer
properties will be considered on the basis of a traverse
along the strike of the beds from SE to NW.
Taking first the brockram formation in the extreme
south-east of the outcrop, any brief examination of it in
the field (Plate 7A) will rapidly convince the observer that
intergranular flow through the deposit must be effectively
zero, so extensive is the cementation. The same judgement
must apply to certain cemented interbedded sandstones which
are found between two units of brockram in the same area.
As the sandstone is traced towards the northwest
(1 •7S	 .
however, the thickening arenaceous units between the
brockrams (see Plates 7B, 8A, 8B and 9B) have been found
generally to have a very high intergranular permeability
in the area between Appleby and Penrith. Friable 'millet-
seed' sands are very prevalent; typical samples from sections
along the River Eamont (545), the River Eden (553-555), near
Cliburn (559-561, 562 and 566), near Great Ormside (568) and
the Hilton Beck (585 and 586) indicate that where they are
virtually uncemented, the millet seed sands have a permea-
bility exceeding 10000 md, sometimes even exceeding the upper
limit of resolution of the equipment (23000 md).
	 Porosity
in these extraordinary deposits is also high at about 30%,
but not extreme. Density, as might be expected, is low,
ranging generally from 2.06 to 2.16 gins cc.
	 These sands
are the coarsest, cleanest and most well graded encountered
in the Permo-Trias during the course of this investigation.
Unfortunately as far as the value of the formatidn
as an aquifer is concerned, certain factors reduce the overall
permeability. Principal amongst these is local cementation
(dealt with below) but other more subtle factors are also
prevalent. Particularly in this context one might mention
anisotropy caused by alternation of coarse sands with less
well graded fine to very fine sand. Experimental data on
samples 436-3, 559, 567, 588-1, 588-7 and 588-10 suggest that
lamination can cause reduction in microscopic vertical
I, •7
permeability to about 0.1 or 0.05 of the horizontal
values. Add to this the problem of these laininae being
inclined at angles of up to 300
 to the horizontal
because of large scale current or dune bedding and the
result is a very complex system of ground water flow at
the microscopic level.
Within the sequences of coarse clean millet seed
sands, there are intervals of much less well graded fine
to medium material, also dune bedded, which have been found
to possess characteristically intermediate aquifer property
values. Samples 441, 544, 546, 553, 560 and 584 fall into
this category with permeability generally ranging from 500
to 2000 md, porosity ranging from 25 to 30 per cent and
density varying between 2.15 and 2.25 gins cc 1 . In this
type of material, permeability is apparently reduced by sortixg
factors alone and cementation is not responsible. As these
sands are interbedded with the highly permeable millet seed
types, they are in a position to reduce still further an
already low vertical formation permeability.
Next, we must consider the properties of the
formation in the cemented state, and here we are dealing
essentially with the upper half of the penrith Sandstone
over rather localized areas. In brief, samples were taken
on the scarplands to the south east and north east of Penrith
(Nos. 432, 435, 437, 439, 543, 556-558), from an underground
section in Stamp Hill Mine (549-1 to 4), from the top of the
formation in the Hilton Beck IGS Borehole, and from quite
high in the stream section of Hilton Beck (441). With
one or two exceptions, the cementation has affected medium
to coarse millet seed sands probably preferentially in view
of their very high permeability in the uncemented state.
Commonly it takes the form of secondary quartz intergrowth,
easily visible even under binocular examination at low
magnification (X40). It is, however, of a different type
in the Stamp Hill Mine section where the sediments appear
muddy and indurated. In the cores from Hilton Beck IGS
Borehole, the cementation is of gypsum or anhydrite or both.
The cemented samples show gradational aquifer
property values as the pore space becomes progressively
reduced. Thus in sample 588-12 incipient quartz intergrowth
is visible and porosity is already reduced to 27% from the
30% found in the uncemented millet seed sands. Permeability
at this stage is, however, hardly decreased. In samples 435
and 558, the pore space has been further decreased to about
15% with permeability already down to a few hundred
millidarcys, whereas density haS increased to 2.35 to 2.40 gins
cc 1 . Further reduction in the values is found until a
minimum figure of only 5 to 8 per cent porosity is reached,
as for example in sample 556 from the vein shown in Plate 9A.
Here permeability is less than 1 md and density reaches
2.51 gins cc 1 . In the Hilton Beck Borehole where gypsiferous
cementation occus, the equivalent values are 11-15%
porosity, minimum permeability of less than 1 md and
density of 2.45 gins cc1.
In some of the sands cemented to an intermediate
degree, the anisotropy of the original millet seed sand
may be preserved (eg sample 558).
What is surprising is that in much of the cemented
fades, microscopic permeability though very low is
definitely present, a reflection of the relatively large
dimensions of the pore channels in the original sandstone.
It seems quite clear, however, that ground water movement
in the cemented zones must take place primarily by fissure
flow, and that a complex transition zone occurs in the area
over which the cemented rock passes laterally into unaltered
material. Quasivertica]. sheets of cemented sandstone of the
type pictured in Plate 9A may perhaps be common in these
transitional zones. The effect of such sheets in reducing
horizontal permeability must be considerable (cf the rather
similar veins found in the Upper Mottled Sandstone Plate 6B).
In the Stamp Hill Mine section, very low values of
intergranular permeability were obtained on four samples
(549-1 to 4) from a tunnel which intersects an upfaulted
block of the sandstone. This material is probably quite high
in the succession. The majority of the rock exposed in the
tunnel shows irregular inclined jointing and the roof is
coated by a sta].actitic growth of gypsum. The intergranular
permeability figures suggest that this could have been
produced by microscopic flow, followed by evaporation
caused by mine ventilation.
The low permeability data from this locality,
caused some concern that the outcrop samples, which were
showing quite an optimistic aquifer property picture, did
not truly represent subsurface conditions. Further test
data, however, obtained on cores from the IGS boreholes
at Lounthwaite al?d Blackmosspool confirmed that at depths
of up to at least 50 m and possibly 100 m, the Penrith
Sandstone can be expected to be relatively friable and
permeable away from areas of known cementation. Thus in
the Blackmosspool BH (Fig.26), the dominant fine to medium
grained red sandstones have a permeability of 1000 to 4000
md, porosity of 25 to 30% and density of about 2.20 gms
cc 1 . Near the bottom of the hole, the millet seed sands
make their appearance (sample 588-12) in the uncemented
I
state, with a permeability of more than 23000 md.
In the vicinity of Carlisle, only few samples were
obtained, those from the surface outcrop at Scalesceugh,
Gatesgill and Highbridge being inadequate. Data from these
sites, however, suggested that the sandstone in this area
has only moderate intergranular permeability ranging as low
as 100 md up to several thousand. Porosity is also reduced
by cementation to 18-26% and density is moderate at 2.20 to
-12.30 gins cc • Whether these data are indicative of
subsurface conditions is not known. It is very
unfortunate that the Nord Vue boreholes of Eden Valley
Water Board were not fully cored as these would have
provided very interesting data.* There is, however, an
urgent need for a cored borehole to the base of the
Penrith Sandstone near Carlisle.
The only samples examined from the northern side
of the Carlisle Basis were those from the presumed outcrop
in the banks of the River Esk, at Dead Neuk Pool, Canonbie.
Here, friable well graded pink coloured sandstones which
cannot on lithological and structural grounds be other than
Penrith Sandstone were found to have a moderately high
intergranular permeability (up to 3000 md) with moderate
porosity and low density (samples 547-548). Further
information is also required of the extent of these very
promising sandstones which at Canonbie are only 10 in thick.
* However, the drilling by the I.G.S., of 3 cored boreholes
in the Penrith Sandstone to depths of up to 180 in at Cliburn
near Penrith is now in progress.
000
0
UV -
V
U
= .- V
,	 .
I-
VU
I	 I	 I
HIlb.l	 f4	 jJoj tdI 01 D I Of	 IH0t+H r.JIN4If
..	 I	 I	 I	 I	 I	 I	 I	 I	 I	 I	 I	 I	 I	 I	 I
I	 I	 '	 I	 I	 I	 I	 I	 I	 I
-	 N	 ,41 01 -I ._j _I ,I oH	 I rIh' I	 I	 I	 ,	 rn	 v i	 I ri I	 I	 I	 I N I V4 I I
I	 I	 I	 I	 I	 I	 I	 I	 J	 I	 I	 I	 I	 II	 I	 I	 I	 I	 I	 I	 I	 I	 I	 II	 I	 I	 I	 I	 I	 I	 I	 I	 I	 II	 I	 I	 I	 I	 I	 I	 I	 I	 I	 II	 I	 I	 I	 I	 I	 I	 I
-.'	 I	 ''	 oIbI
C ti -
	
I - I ç i	 I ..	 I r- I o- I	 SV	 t— I	 I (
e	
r-H.9I'
LI)
-__
Cl) jO	 -.
0 0
UI	 V
-	 -p
.
.2
z
E
01k
	
I	 I	 PI	 I	 I	 I	 I	 I	 UI
	
I	 I	 I	 -	 I	 I	 I	 • I	 •	 I	 I
	
:1	 '	
'I°i	
'	 '	 ii	 10	 -
	
I	 I	 I	 I	 I	 i	 I
0
In
a0
U0
V
a
00
- x	 •
4
	
5	 d	
3
________ x	 . ___
0
0
U%	 tI
	
-rJ	 - N -	 s	
L !.J -
>	 > > x	 XX> ,
*
o
*	 .	
-	 *
.1
bl)9- V
..	 Q.
=
VU
'	
I	 '	 '	 I	 I	 I
I'l	 I	 I	 i
-	 I	 IV	 I	 II	 I(I) U 1 r	 I
'	 I	 IC I ti 1 r.iI
	 'i	 l
b	 'i)	 v-s
-D I- r- 6	 -
r4 N N r4 N
riN N N N
0
E
0
Lu
	
I	 I	 I	 I	 I	 I	 I	 I	 I	 I	 I	 I	 I	 I
	
I	 I	 I	 I	 I	 I	 i	 I	 I	 I	 I	 I	 I
	
I	 I	 I	 I	 I	 I	 i	 I	 I	 I	 •	 I	 I	 I
	
I	 I	 I	 I	 I	 (•	 I	 I	 I	 I	 I	 I	 i	 I
	
I N I
	
j-I 01
	
oI —
	
I	 OI	 I	 1	 I	 I
_	 rnItr
	
( I '' I
	 'v	
'	
-1	 I	 I	 I	 I	 i	 I	 Q I
	
I	 4	 I 1	 I	 bo I	 I
	
I — I () I F' I P4 I
	
I	 I — I P1
 I N I *
	 *	
I	 I	 I
	
I	 I	 I	 I	 I	 I	 I•	 I	 I
0.
-	 -
o-	 -	 :	 '	
•	 *
0 0
Q: II
.	 g1F)
,
-0	 ,:
'I
.0
--
o	
Id
0t)	 o	 1.6	 E
.9	 61	 1
.	 —.
— ;;	 o
o	
N	 v-i.
I	 %
. > x	
X X > >
C)N	 N
*	 .
2
.'U	 U
vO—	
•-	 •	 $
-
'Ag
•	 U	 -
•	 -	
•	 :
0
I'J
Iii
I.
LU
V
Vt U
- I--
V
VU
I	 I	 I	 II	 oL..ILnI OI b.1.j t.I	 I H	 IevI••-I--I-I--•I—i	 I—
V
- 1	 * u.i	 ç	 r- in	 - -.D !-- r- ..,	 I(#1 *	 * - m	 rn	 N N
N	 t4 r4r;	 sj N (41
	
I	
I	
I	 I	 I	 I	 '	 I	 I	 I	 I	 I	 I	 I
	
1 )ZI	 I	 i	 I	 I	 I	 I	 I	 I	 I	 I	 I	 I
I	 I	 I	 I	 I	 I	 I	 i	 I	 I	 I
I	 I	 I	 I	 I	 I	 I	 I	 I	 I	 I
I	 I	 I	 I	 I	 I	 I	 I	 I	 I	 I	
I
	
rcI	 I_IritiI_ImI*I_Irq,tJI4t(VIIfl	
ti oI o.1	
IV)II$)I6cI
	
I-Ii.nI	
I
V.''
.1
•	 .1
-	 'JI	 I
In
- ____
•L.
- x
_ 1d	 _______ __
U
C,
W'
OW	
-
—	 -
N	 ly)
r4Q 2
V	
-	 S	
' _!_	
> t.
•	 1
V
o	
N —	 —
,	 x 3:	 > >	 x X	 -.I
— N
	
'4	 - -1!)	 IV)	 U'
'1
•	 '.1
-	
.	
a	 £	 $ I	 2a
0
t-1
Cd
Is)
(WI
I
0
r'
U)
Li:
V	 4
V
Vt U
.•::	 Q.
I-
=V
U
. ii	 N f4	 e t-	 (WI ..D	
—:	 —:
	
- - fl N fl% (.4 4 vj 4
	
0 a 0P)	 (W	 (%4	 - - -	
-	 r'I
.=	 I	 I
	
b. I	 I
Ic	 II	 I	 I
	
I	 .	 I	 I
1	 'lH iti d dr1
I	 I	
'	
I	 I	 'I	 I	 I	 i	 I	 I	 II	 i	 I	 I	 I	 I	 I
-	 I_I.._t	 I	 I	 I	 I
CV	 p
=	
..	 a i
	 I	 I -
	
-	 + I -(..JI —I1-	 f7	 Ln1oI.9I_
•H JLu
In-__
1 --
zk
—
-	 -
.21J
z
E
0
C	 U
•-	 c
c
o
-
-	 C
_ ______ ________ cc
U
2	 3
CL
£
—"---- — — —	 — —
O0
V	 N -	 (•'s
=
-	
>rX_NI	 C4
o N	 >
I	 I	 I
-	 -o	 -
.	 W)	 IV)	 F)
'4-
II	 I
UI	 -
0
0
F',
Oo
U
0
I')
Ln
p.3
z
ttJ
'#7
x
C
ES.0
LU
U
V
U
,	 0.
VU
p.,I_I 	 I
	
I ,, I	 I q-	 ..	 ..
N I NH	 NH _ Li NH
.	 I	 II	 I	 I
IL1	 II	
I	 I
•;' I N I , I m
	
V I *j	
-
I-
l)
c_ .
0 b.. — r- o
	
N	 LI) ...D 6)
o g	 '	 °	 (I) r- r- -	 o N ...p —N IJ	 ) N r'	 -	 -N - -
-
C.
•	 2
'I
0
0
C,,
0
cv)
=
F'-U)
z
3
£0	 .	 -1
_d	 ___ _____ ___
'A
--	
I4
. ofl-r
	
	
U
E.
;:	 I
'4-0.	 U U)
— — — -- -
6o
LI) 14)
—	 N N -
S	 S
— N	 J L	 '.4 —	 —
fJ	 '	 .1 X	 > x x	 z >
-	 .-	
—	 In0..
10.
.1T
0
tsl
CV)
'S
-c
'4-	 L.
•	 ()
0
V.'
'S
S
In
-Q.
--
L-
'+-L. V
:
I-
'U
g
In
C
(
E
0
IL.
Oo
—
V
VU
'-	 I	 I	 I	 I
.	 L01	 .I	 I	 I ,.j	 I	 _I
I " I t4 I -	 I '	 I " i " I '	 I N I
I .	 I
I	 c._i	 I 601 . D I p I ..DI D' _	 j * — -J J
I	 I	 i	 i	 I	 I	 lI	 I	 I
I	 N 01 ol ol 01 QINI
cz
.-.	 U,
	
0	 0 2 8
	
0	 0 J0 0	 in	 — a &iP	 t'i 00	
u	 i	 .. o tao
	
a- r- a- ri	 f..J	 V.'	 N Il) a- itN	 r- "s'
	
A	 A A A
-4
0.
2
	
0 0	 0
	
±	 =
	
0	 0C)
12
Do
•2	 It)	 In
	
It)	 1)
z,-
G
0
Iii
1
'4-
.	 I	 I	 I	 .j	 I	 I	 (w) I 111)1	 ( .4 1	 I	 I	 I	 I
3	 I	 I	 <I ,.i _I ,...,I j.,.I (4 I	 I	 4 I	 ' 1• 'i	 '	 I
>1 I r4 >4--j x I- h1TT> I I I I >11
I	 I	 Ii
I')	 in	 I	 I	 I'°I
0E
0
w
(U
U
-
U
bl' . — I.
'	 .
=
U
r-o 't	 *	 N
(SJ	 SJ
I-
-
•1
N	 I-
	
.1	 1
ci
•
	
0	 '3	 N
-• —
	
'3
U	 Ift
	= 	 1J
—p	
—9	
..0
	
-.0'	 '3	 _.,	 '3
z	 •-
____ _____________ ________ ________ z
'	 çi
U	 4
0
2
	
i., C
	 r— 09-
L
__ __ jfw	
-u
	
> Z X 7	 " N rJ
60	 C
'Ii
-z0I-(1)
I-
C
E
I-
0
II.'
-
C.
V
L..
,	 Q.
I-
U
*
' 
t M *
- n ? — 0 =
	
rs	 ¶4INr-J	 (4t	 (.J	 ri
I-
*	 00
00 T- 0	 14
a- -'	
-	 ...	 - —
'V
—
- -
C.
.	 C
:.;	 .
-	 -	
-	 r-	 -
.J	 r	 —
ci
	
	 t-
r'i
	
bo	 p-
	
-	 U) r4
	-ø 	 b 0	 a	 o
..D	 -	 -
	
z-	 ,- ,-	 ,-
__ z •z	 ____ •z
:.	 .
'	 -.	
-I-	 .(d S
'3'
I
'.
fi-
b.
	
x	 O	 0
'3
_y)	 U)Ln It)LoIn
hi
a
'I)
6
4:
V -
V
Vt
I-
VU
I	 I	 I	 I	 I	 I	 I	 I	 I
•	 I ) I 0 1 WI	 DI 3I	 D1	 i si-I
	
-I	 I	
-IfEII
I- I 11-- -HLLtt 4 I II	 N
I	 I	 I	 I	 I.	 II	 LI	 I	 I	 I	 IF	 I	 I;'I IW)I
	
I __I 01 TI W)l ØI -..I 'I
n
	
I	 I	 I	 I	 I	 I	 I	 I	 I	 '	 I	 I	 I	 II	 I	 I	 i	 I	 i	 I	 I	 I	 I	 I	 I
	
(fl I	 I	 I	 I	 I	 I
I	 I I	 I	 I *1	 *	 , I	 I	 I	 fI	
•
	
- i	 N'	 m	 r— 6 I .° I i— I U)
	 0 I (i• I
H	
*1 H
0 rf
	
.'i	 I_i
___	
I	 ,I
__ ___	
I j	
L:_ __ _______ —
r1-_
•- V	 ___c_•________—.-----__	 I.,'
t.%I
—p	'
a	 0
o
In iii
-
•	 JE	 c4I
o
I
-o	 j
__ 4t c-i
	 ____ _____
- L.
°	 8
" U	 ' 4	 1	 '-1	 c+ 4-
_ 
- -.— — --
D -	 p -3.
	
m	 I	 b.
-	
.4	 I"	 •'
3 >	 X
LI)
LI)	 LI)
Q.
5 2JJO	 U
0 0
L&J
I	 I!	 I I
	 I
	
0
ci
•
0	 0
	
0
U
I',
_t I,,
L
&	 C4-
U
E>L
-c
I-
• -' U
(+.-	 (.1
t1
C-
0
-D
xx
*
cJ
LI)
-3
V -
	
.	 =
V
	
•:	 .I-
V
U
_l	 I	 I
-.
_	
IDh	 i	 j _I t	 I ,.j II	 I
I	
I	 I	 I	 I	 I	 I.	 I	 I	 I	 I	 I	 I	 I	 I	 I
_I 
_Iu)jH..jir.j
bo Ir.j1 t41r4	 4l	 I	 I r41 s	 pJ	 ri	 t.il	 iI ciJ r
	I 	 I
;.Z	 I	 I
	
I_ . ) I 	 I
	c_ 	 I
	
I	 I	
- o	 -	 MI	 gr	 a- *.
0
	
i	 i
I rv
-	 2
U	 -VO	 U
- 0
00
t— 'b	 -3N	
-g
--N..I
•V 4
b.0'.-.	 -
0	 0
-9
z	 •
J
'
-U
	
-	 .€	 I1
__ J-< ___
	
 -
	 __
-U
b	 6	 >
-	 sit.	
un
I
.	
.c
	
___ L;L	 ___ ____
•	 I ôa I	
3	 Ii I	 I1
	 txI,_I
.,
lot—I
IOI0I	
—o
WI	 —9
0	
-	 r LI)
	
-9 -
.X	 XX>	
*
-
-9	 l)U)
=
-.9
w
L'i
0
e
0
Li
4	 -
	
S I
I-
VU	 I
•Ia-Ibot.9Io.l-I
ch 
V4 i	 i H	 i	 I -1	 I
E	 I	 ,I	 I 61 r 1 	I	 I	 o 1	 '
-	 I	 I I_!j_I__IjI
H I I l tiv4i_._i__I jI'ItII-.I_-i,-I
t_ )'
-	 0 * ,
	
g	 t4	 -	 - '.3	 .0
-0. 0 C4	 -L	
.a1n o-	 2	 .D t•J)	 0 c - -V . -	 fY)	 -4Q.E	 A
0.
I.)UV	 00 0
=
'.4
• V	 -.00- -
	 0
z
I
i
,	 -- C
5
.	
4:
U4.
V
o	 a-U
It)	 > X
-9
I')
(1	 -	 U
-	 -o	 0
* 113
o(.4
-D	 -Oii	 1
-	 z
I
[1
4.)	 'a
- - -o	 •	 0
aI.J
a-
N
t
1-.•
8
-01
UVI
'I-
V —
VU
,-r_.o
L, a- o 0 — o -	 -i —
	
... (,•
	 -
Is, 1s4 •i m avl	 r4	 (.4 tv% rq fri	 e4r1	 14
.	 I	 I	 I
I	 I	 I
	
J I * I	 1 r- .	 lii	 N	 ('1	 N	 %t I.gi	 IuIINI (s4
I.
	
(.4	 — fri	
— t4	 4
	
-	 —	 1- -
	
"-
LU	 'g)	 '.p	
O	 I—	 e$
I-	 '	 D	 N 14 If)	 .	 —'	 E
#1
-__ ------
_	
1• I
'i	 .I-u	
'.)	 U	 -	 UVo —
	S
	
I —	
-	
—	
CV)
— ---------
0
0N
• V	 0	 a.	 ...
'-S	 iS-	 (.4
	
—	 o
*
____ z __ _________
oj
I.
1_	 1•	 d
M
	
fyi	 Iti	 )(	 ,)-
x —	 >	
X >
	 >
— — 14 14 ri w
;>	 x>	 a I	 S
.!	 lh.	 (F,	 6
00i	 0.
to	 to	 to	 44)	 11)
'i''-
	
SW
flti, Ln*nS	 4
6.
11)	 11)
ESL
S
6.
x
6o
I64
C;
U
I)	 U
VU
	
-— 0 '
	 "	
r	 0	 q3-
'ft	 ._. _,p ifl	 r.	 -'	 i- r	 p. i#i	 —	 -	 -
Q. f.4 rsi	 t.J t.	 FJ r4 14	 4 (4	 '4	 cv	 1V
ILDI cv i c4 1 	 I ,._I	 1 0 1 01	 I	 I ,J ivi ,.jiI rl eJ cv I J I t1 I 'I cvi cvi NI
bol	 1	 I J1 '4 1	 I '	 I	 I 'I	 I	 '' I	 iI	 4H	 I
-	 I	 I	 I	 I	 I	 I	 I	 I	 I	 I	 $
I-- (fl 0
I _
I')	
.o	 0	 •	 :
,Yi	 In	 0
—	 cv
- -;-_'— —
@0Q
.9
I
z	 .
Co
ii
'H
.9	 :-o
.	 ,
V
-	 x
=
.	 .1
-	 0
- h UV0-
1/)
r
U	 r4
	
I	 I
.1 $	 I
	
• I	 Ii
.1
-
LI)
1
'1
0
E
0
U
-
U
VU
•1	 I () 1 al	 -I-I	 1b-I II ,,I	 l ,J .J ,#jId1	 1 oIr-It	 LII1I	 IItII
-	 I	 I	 I
I	 I	 IhI	 I	 .1I	 I	 IlI	 I	 I	 I	 I	 I
I-
- .- Cl)
c_ -
- U
V-	 0
-
I	
1010IoI
lINIl', *	 0 0 
r	 I-	 lobiioioHHLiti- HI	 1*1*1	 IA1
Øo
'i'
— 
.1
!
-	 UL.	 oj.	 !N>
, I-)	 t.-. - t)	 c-i W	 U	 •+-. g
-	 ---
V	 ),.-.
-U	 -	 -	 - - = c,1)	 S	 S	 •	 S	 -60	 6o	 I00
•.0
*0-0
U'
'vi(r)
____ I-4
-
V —
V
Vt
.'::	 .
V
U
•1 I r	 ,*I H	 H r'1	 4I	 I	 I	 I
.	 I	 I	 I
Ii	 I
I	
I
	
Iv I i- i 6. I	 -
	
I	 I	 J	 I	 I	 J	 j	 I	 I	 I	 I	 '	 I	 '
	
)ZI	 II	 I	 I	 I	 I	 I	 I	 I	 i	 I	 II	 I	 I	 I	 I	 I	 I	 I	 I	 I	 I	 I	 III	 I	 I	 I	 I	 I	 I	 I	 I	 I	 I
	
•; •.I	 I	 I	 I	 .1	 I	 I	 I.
	
I	 I	 I	 I —
	 '	 '	 '	 o	 r I VI I	 IV.!I._I_.I_I	 I
	
IvIVIVI V1 vi
	
I	 I	 I
f	 I	 I .	i	 I	 I	 I	 I	 I	 I	 I
(4
1-
0
C
E
I-0
00
IC
'Ii
.5
-
VO	 •D	 *	 :
0	 •	 ('1(.4	 (P44
U)I-V(iv 0
•V	 'g5.
.V	 4I
z
•
_1_	 "-
I(4	 0
-	 ;	 a
I1.
>1
cLi
x -
	 x	 )c
3
V	
>x xz •>	 z >>
	
	 N	 r') _	 (.4
— —
a	 s	 aI
0	 .	 a	 0	 0
ID	 (A
4:
c-)
V —
- =
V
U
I-
V
.	 r4 •I4
V
I,',
bO
S.
L...	 &
I-
Cl
w
z
2 0
60
0-
a-
0
,U	 r1
0 .—	 Ui
•V	
-.D
z
p
s
V
I)r')
bO	 I
0
U)
ST. BEES SANDSTONE
	
AREA 8
Within the Carlisle Basin and Eden Valley, a striking
lithological contrast is seen between the older Penrith
Sandstone and the overlying St. Bees Sandstone. This
lithological contrast is paralleled by an equally marked
difference in the quifer properties of the two formations.
Whereas the Penrith Sandstone is characterised by a very
variable degree of cementation and wide range in grain size,
the St. Bees formation shows virtual uniformity of grain size
and degree of consolidation over the whole outcrop from Appleby
in the south, to Maryport and Canonbie in the west and north.
Whether this formation is significantly different at depth
is at present unknown, and to resolve this problem, there is
an urgent need for a deep cored borehole in the Carlisle -
Gretna area.
Owing to the rather uniform lithology, it is easy to
generalise about the aquifer properties of the formation,
bearing in mind however that all of the present study was
based on outcrop material only (in contrast to West Cuinberland,
see section on St. Bees Sandstone in Area 7). Intergranular
permeability is commonly between 200 and 600 md, and even in
some of the laminated types, most of the sandstone is isotropic
(eg samples 409, 422, 429, 431 and 550). Porosity is every-
where moderate to high, commonly having a range of 24-27 per
cent: density is intermediate in value, generally about 2.20
gins cc1.
In most of the samples, grain size ranges from very
fine to fine, but a few much better graded fine types were
encountered which have a relatively "clean" appearance. In
these (eg samples 406, 429 and 434), permeability increases
to a maximum of 2000 md; porosity is also much higher, at
30-35 per cent and density is reduced to about 2.10 gins cc".
No cemented sandstone was encountered amongst the samples
examined.
The evidence suggests that the St. Bees Sandstone in
this area generally has a higher intergranular permeability
than either the Bunter - St. Bees Sandstone of Area 7 or the
stratigraphically equivalent Bunter Sandstone in Northern
Ireland.	 A cored borehole into the sandstone in Area 8 is
however, clearly required in order to verify this hypothesis.
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ANNAN SANDSTONE
	
AREA 8
This sandstone which is virtually restricted to the
- Annan district, is the lateral equivalent of the St. Bees
Sandstone of north Cuinberland which it resembles in colour,
grain size and bedding, although the degree of cementation
is slightly higher. Owing to a thick mantle of drift
deposits and the rather low relief of the outcrop area,
samples were difficult to obtain and restricted to surface
material. At the present time, the thickness variation in
the sandstone is unknown.
Further problems were encountered during sampling on
account of the method of working the formation for building
stone in large, very deep quarries with vertical sides which
are now flooded and disused. The free faces in these pits
may be up to 25 in high, rising out of as much as 25 in of
water; sampling in such places is very hazardous without
special equipment. 	 The same problem was encountered at
Corncockle Muir, near Lochmaben, where no in-situ blocks of
the formation could be obtained.
Aquifer properties in the Annan Sandstone, however, are
clearly lower than those in the St. Bees Sandstone, even on
the basis of outcrop samples only. Permeability ranges
between 10 and 80 md, porosity varies only slightly between
17 and 23 per cent and density is moderate to high at about
2.35 gins cc. To some extent, the formation resembles the
harder, more well cemented parts of the St. Bees Sandstone,
and no major facies change has been identified.
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KI RKLINGTON SAND STONE
	
AREA 8
Little can be said about the properties of this
subdivision, which is the name applied to the upper part
of the St. Bees Sandstone. The 3 outcrop samples obtained,
are, however, not completely without significance. Those
from Ruleholme Bridge, Brampton (405) and Carwinley Burn
(412) brought to mind the softer beds of the Upper Mottled
Sandstone in the Bridgnorth -Wolverhampton district (Area 3)
and were found to have broadly similar properties, viz, low
intergranular permeability despite a soft friable state of
consolidation, considerable porosity and moderate density. \
It is thought that units of this type are interbedded with
the more indurated St. Bees Sandstone .to form a passage
group (see page 37 ).
The third sample, from Cargo near Carlisle, was a
classic millet seed sand, grey-green in colour and friable.
The extent of this highly permeable rock type is not known
but if widespread in the Kirklinton Sandstone, the formation
would clearly be a highly significant aquifer. Here again,
the suggested cored borehole near Carlisle would produce
very interesting and valuable data.
(185)
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PERNIAN SAND STONES 	 AREA 9
From examination of the samples obtained from the
Permian outcrops in southern Scotland, it appears that
two quite different litho-facies are present, viz, a
lower well cemented mainly poorly graded sandstone-breccia
sequence, and an upper well graded laminated medium sand
sequence characterised by a distinct lack of cementation.
The possibility that these two facies are diachronous can-
not be ruled out.
Whereas in the present study, both surface and sub-
surface samples were obtained of the breccia facies, only
surface outcrop material was obtained of the uncemented
sandstone facies, and the doubt remains as to whether the
latter exist underground. It is important that this
uncertainty is resolved in view of the promising nature of
the uncemented sandstone facies as far as permeability is
concerned.
With reference to the correlation of physical properties
with lithology in detail, the sandstone-breccia sequence was
examined in the borehole cores from No. 2 Well at the
Imperial Chemical Industries factory at Drungans, near
Duxn.fries (samples 329-1 to 329-24 and Fig.27). The coarse
well cemented breccias have an intergranular permeability
close to zero md; the cores however show in places complete
gradation from breccia to pebbly sandstone, and as the
proportion of finer grained matrix increases, permeability
I I r1,
increases up to a maximum of about 50 md. Porosity in the
breccias is very low, about 5-10%, with saturated density
ranging from 2.52 to 2.65 gins cc1.
Certain poorly graded laminated sands, resembling
units in the Penrith Sandstone (Area 8) have a permeability
of between 10 and 100 md with porosity only rising from 12
to 15%. Examples of these types are 329-2, 329-3, 329-8
and 448.
The majority of the sandstones in the Dum.ries section
appear to be fine to medium grained well cemented types
containing much locally derived clastic material, especially
low grade metamorphic and feldspathic fragments. These .units
have a permeability of between 10 and 300 md, porosity
generally between 10 and 18% and saturated density about
2.40 gins cc1.
Medium coarse friable sands of the type encountered so
commonly at outcrop elsewhere, are restricted to few horizons,
one of which is paradoxically very close to the bottom of
No. 2 Well in the lowest proven part of the Basin.
	 Inter-
granular permeability however is still only moderate owing
to the very poor grading of the material, (eg samples 329-7
and 329-24) in which permeability ranges between 300 and
1300 md. These sands display a striking texture of large
'millet seeds' up to granule size (2 mm) embedded in much
finer grained angular material. Similar sandstones were
also observed at the Kennel Bridge site near Comber in
Northern Ireland (sample Nos. 326) and in the Penrith
Sandstone in Cuntherland.
In marked contrast, the outcrop samples examined
both from the Duxnfries Basin, and from the related basins
of Lochmaben, Thornhill and Mauchline are texturally quite
different from the borehole and outcrop material, from the
vicinity of Duntfries. These outcrop samples were taken
chiefly from disused quarries; the material tested was
cut from the centre regions of quite large blocks and the
plugs appear fresh and unweathered under the binocular
microscope. Owing to their generally clean well-graded
nature, these sands have been found to have a particularly \
high permeability ranging between 5000 and 10000 md, with
porosity generally very much higher than in the Durnfries
factory cores at between 25 and 30 per cent. In some of
the coarser well graded but slightly cemented sands, porosity
is slightly reduced to 18-23 per cent although permeability
is in excess of 10000 md (eg samples 444 and 459).
Owing to the occurrence of laminae of fine cemented
sand interbedde&with the clean well graded and well rounded
medium material, most of the outcrop samples were found to
be markedly anisotropic with respect to permeability (cf
samples 443, 444, 445 and 454).
On the basis of the physical property evidence alone,
there is clearly a need to reconsider the stratigraphy of
the Permian Sandstone in the Durnfries Basin.
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PERMIAN SAND STONE
	
AREA 10
In those areas away from culminations in the uneven
pre-Perrnian surface in Ulster, where extensive deposits
of breccias lithologically similar to those in the Dumfries
Basin occur, beds of friable Permian sandstone are known to
be present. The true geographical extent of these sandstones
has yet to be determined, and in view of the almost complete
lack of exposure, this will have to be accomplished by
drilling.
All the small amount of data presented in this account
has been obtained from a single partially cored borehole
drilled at Kennel Bridge, near Coirther, Co. Down. Such was
the state of knowledge on the three dimensional distribution
of these sandstones that their presence at this locality was
unexpected.
The samples from the lower half of the Kennel Bridge BH
(Nos. 326-1 to '326-9) suggest that these sandstones are
particularly permeable; intergranular permeability is between
2000 and 12000 md and on textural grounds they are likely to
be markedly anisotropic, although this was not demonstrated
by the laboratory data. Porosity, ranging from 25 to 30% is
moderate to high. The sandstones are similar in both litho1og
and physical properties to the more poorly graded, outcrop
samples from the Perxnian of south of Scotland (Area 9).
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BUNTER SAND STONE	 AREA 10
The Bunter Sandstone in Northern Ireland was studied
mainly from subsurface samples, owing to the scarcity of
surface outcrops and the thick mantle of drift deposits.
A large amount of core material was available from a series
of deep cored boreholes drilled in Ulster by the Institute
in the early 1960s.
The material recovered from most of these holes showed
the Bunter Sandstone to be generally fine grained, with a
significant proportion of siltstone and very fine sand. The
thick sequences in Tyrone, samples in the Kingsmill, Twyfords
Mill and Ballyloughan Bridge B.Hs are particularly uniform;
the new Haw Hill B.H. in the Newtownards Basin, Co. Down
produced sandstone only slightly coarser in grain size,
whereas the few samples available from Portmore on the north
coast of Ulster gave a totally different impression of the
formation.
In the Kingsmill B.H., much of the sandstone has a low
permeability of less than 20 md, but porosity is generally
moderate ranging from 20 to 30 per cent. Density is moderate
also at about 2.25 gms. cc 1 . In slightly better graded fine
sands, permeability rises to a few hundred md (669-8 and
669-19), and these preliminary results suggest that anisotropy
is probably very common, induced by the widespread lamination
of many of the sndy units.
In the Twyfords Mill B.H. also in Tyrone, the same
picture of low to very low intergranular permeability and
medium porosity prevails. The sequence is slightly less
permeable than at Kingsmill, only two sampled horizons
having a permeability approaching 100 md, with many being
below the limit of resolution (( 1 md). There is no
tendency for aquifer properties to have higher values near
the surface.
Again in Tyrone, the sandstone in the Ballyloughan
Bridge B.H. produced very disappointing results for aquifer
properties; the bulk of the formation has a permeability
here of only about 10 md with porosity of 20-24 per cent
and density of 2.25-2.30 gms cc. A sample of clean medium
sand from near the base gave much higher values (671-13)
but this particular type of lithology apparently forms only
a very small part of the total thickness of the formation.
The few samples examined from the Portmore B.H. were
too unrepresentative to form the basis of a reliable
evaluation of the Bunter sequence in this area. Unfortunately,
much of the core material had been disposed of prior to the
start of the Northern Ireland operation for the project.
Fine to coarse sandstone from between 1350 and 1675 m was
found to have a permeability of between 100 and 500 md,
porosity reduced by cementation to between 13 and 24 per cent,
and density rather high at between 2.35 and 2.40 gms. cc1.
In view of the current coimnercia]. interest in the Irish
continental shelf, it is most unfortunate that the Portmore
cores and, indeed, those from Lame were not available for
this project.
They would have yielded much valuable information on off-
shore hydrocarbon prospects.
Finally, in the Newtownards Basin, the Bunter Sandstone
was fully cored in the Haw Hill B.H. near Comber (see Fig.28).
Results from this site suggest that the Bunter is significantly
more permeable here than in Tyrone, with intergranular
permeability commonly between 100 and 300 md, porosity very
constant at 25-28 per cent and density again moderate at 2.20
to 2.30 gms cc. The principal cause of the rise in perm-
eability is better sorting, slightly coarser grain size and
less induration. Anisotropy is common with horizontal
permeability significantly higher than vertical in many units.
As elsewhere, however, mudstone and siltstone bands are common
in the sequence, becoming dominant over sandstone towards the
base. These presumably reduce vertical permeability to
effectively zero except where jointing allows movement of ground
water across bedding planes.
Summarising therefore, the intergranular permeability of
the Bunter Sandstone in Ulster is low to very low almost
everywhere, a reflection of poor sorting, fine grain size and
rather widespread induration. Rather surprisingly, porosity
remains moderate which suggests that ramifying systems of
pore channels are present in the sandstone, but that these
have extremely small dimensions. There is some evidence to
suggest that although deeply buried, the formation may have a
much higher permeability offshore.
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KEUPER SAND STONE	 AREA 10
The study as regards the Keuper Sandstone of Northern
Ireland was hampered by lack of samples. Unfortunately the
project was begun too late to obtain cores produced during
the drilling by IGS of the series of deep boreholes around
the margins of the Antrim Plateau.
In fact only 5 samples were obtained and these showed
a wide range of physical properties. All that can be
concluded is that some parts of the Keuper Sandstone
particularly in the Lame and Macgilligan areas, are
relatively poorly consolidated, of moderate to high porosity
and moderately permeable. Elsewhere, for example in Co.Tyrone,
the permeability can be extremely low, although porosity
remains moderate - a situation caused by much finer grain size.
Small segregations of rock salt were present in the
sample from the Lame BH.
	 In the Magilligan BH sample,
numerous small vugs seemed to point to the original presence
of saline blebs there also. In fact, sample 676 is
extremely salty although no crystalline halite is present.
Some of the blebs in sample 668-1 have been partially
dissolved, no doubt during the porosity measurement process,
and here vugs of the type seen in the Magilligan sample appear
to be in an incipient stage.
Similar small vugs have been noted in quite a large
number of samples from Permo Triassic sandstones in other
regions of the UK where today there is no close stratigraphic
or structural connexion with the salt-bearing members
of the Triassic sequence. Is it possible that these
formations too once contained halite blebs and saline
ground water? This theory has important implications
in regard to the palaeogeography of Triassic arid post-
Triassic times.
(194)
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5.4. CONCLUSIONS
The data presented in this section demonstrates
that in the Permo-Trias in the United Kingdom, lithology
is the major factor controlling aquifer properties. Within
the general term lithology' should be included grain size
distribution, sorting and the effect of diagenetic changes
such as cementation and consolidation. Clearly, the sand-
stones, breccias and conglomerates as we see them today are
the product of both the processes operating at the time of
deposition, and diagenetic processes which have had a period
of over 150 million years in which to bring about their
changes.
The ranges over which the values of physical properties
vary testify, however, to the rather heterogeneous nature
of the deposits and it will be shown in the following chapter
that, many parts of the sequence can be expected to yield
ground water only by fissure flow.
Finally, within Area 5 there is a measure of agreement
between the data presented by Bow, Howell and Thompson ( 1970)
and that presented here for the sandstone subdivision. Their
conclusion that the Keuper is more permeable than the Bunter
has been confirmed, also that the Keuper shows a greater
degree of anisotropy that the middle part of the Bunter series
(referred to here as Bunter Pebble Beds).
(195)
CHAPTER SIX StatisticaL distribution of 3quifer
property data
CHAPTER SIX : STATISTICAL DISTRIBUTION OF
AQUIFER PROPERTY DATA
6.1. INTRODUCTION
In view of the deficiency of data on the formations
under review, it is considered justifiable at the present
time to come to some general conclusions about the observed
variation in the physical properties. This can be most
easily accomplished by considering the test results as
probability distributions, log-normal in the case of
permeability, and arithmetic-normal in the case of porosity.
Clearly, there are some gross assumptions involved in
adopting this method of analysis, the principal of which is
that the samples tested were statistically representative of
the formation being studied. In other words, to take an
example, if the lower 40% of the formation thickness was
uniformly cemented over the whole of an Area, then 40% of
the samples taken should have been of the cemented type. This
is a serious problem as in some areas, particularly in the
north of England and Scotland, the actual lithological
variation of the formation in three-dimensions is very
imperfectly known.
The second assumption is that the properties of outcrop
samples are essentially the same as those from boreholes. On
the whoe, serious differences between surface and subsurface
samples have not been observedbut there is no doubt that
complete sequences of borehole cores provide the best basis
for an analysis of the variation of the physical properties
of formations on a probability basis. Such has been the
case with work carried out on oil reservoirs, referred to
by Davis (1969).
Fortunately, a significant number of samples examined
during the project were borehole cores and these were to as
great an extent as possible, sampled at fixed intervals
rather than at geologically interesting horizons.
In summary, therefore, it is thought that consideration
of the data on a probability basis, although involving a.
number of assumptions is justified in the present state of
knowledge and can be used to good purpose in predicting the
likely magnitude of physical properties in a formation.
Insufficient data was available for this method to be applied
to all the subdivisions of the Permo-Trias, but it has been
attempted for the following formations :
AREA ].	 BUNTER PEBBLE BEDS (sand facies)
UPPER MOTTLED SANDSTONE
LOWER KEUPER SANDSTONE
AREA 2	 BUNTER PEBBLE BEDS
AREA 3
	 LOWER MOTTLED SANDSTONE
BUNTER PEBBLE BEDS
AREA 4	 LOWER MOTTLED SANDSTONE
BUNTER PEBBLE BEDS (sand facies)
(197)
AREA 5
AREA 6
AREA 7
AREA 8
AREA 9
BUNTER PEBBLE BEDS
UPPER MOTTLE]) S.NDSTONE
KEUPER SANDSTONE
BUNTER SANDSTONE (SOUTH OF YORK)
BUNTER SANDSTONE (NORTH OF YORK)
BUNTER SANDSTONE
ST. BEES SANDSTONE
PENRITH SANDSTONE
ST • BEES SAND STONE
PERMIAN SANDSTONE (outcrop)
PERMIAN SANDSTONE (subsurface)
AREA 10 BUNTER SANDSTONE
6.2. ThE PROBABI TY CURVE
Many types of statistical distributions may be
distinguished by plotting data on probability paper. The
charts are so designed that a normal (or Gaussian) distribution
produces a virtually straight line on the paper when probability
is plotted against the parameter whose frequency distribution is
being investigated.	 The slope of the line is an indication
of the spread of the values and the length of the line signifies
the relative importance of the °tails" of the distribution.
(198)
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The great advantage of this type of representation
of data over either tables or histograms is that an
estimate of the likely magnitude of a particular parameter
can be read off as a probability. Thus, using these charts
one can easily compare awkward distributionsof data which
cannot be approximated to any of the common statistical
distributions.
In the present study, these charts will be used to
compare permeability and porosity in different formations
on a probability basis. In this.way, the true differences
between the various sandstones become immediately apparent
whereas to arrive at the same conslusion by comparing
lithology with aquifer properties would take a good deal
longer and be much more laborious and susceptible to error.
6.3. PROBABILITY CURVE ANALYSIS : PERMEABILITY
Table 15 gives the results of analysing Figs. 50-69
which indicate the distribution of values(vertical and horizontal
being considered separately) for the 20 sandstone subdivisions
on which sufficient data was obtained. Probability is
expressed as the likelihood that the intergraiiular permeability
of a random sample of the formation will exceed the stated
value • Points are plotted every half logarithmic cycle in
order to improve the discrimination of the curve. 	 This
effectively describes the logarithmic variation in permeability
values.
a__ %
Table 16 lists in descending order of permeability,
the subdivisions of the sandstone sequence, on the basis
of their horizontal permeability value which has a probability
of 0.50 :-
TABLE 16. VALUES OF HORIZONTAL
PERMEABILITY & THE ANISOTROPY RATIO, KE/KV
WITH A PROBABILITY OF 0.50
BUNTER PEBBLE BEDS (sand facies)
BUNTER PEBBLE BEDS
LOWER MOTTLED SANDSTONE
PERNIAN SANDSTONE (outcrop sands)
BUNTER PEBBLE BEDS
KEUPER SANDSTONE
UPPER MOTTLED SANDSTONE
LOWER MOTTLED SANDSTONE
BUNTER PEBBLE BEDS
BUNTER SANDSTONE
UPPER MOTTLED SANDSTONE
LOWER KEUPER SANDSTONE
PENRITH SANDSTONE
BUNTER PEBBLE BEDS
ST. BEES SANDSTONE
BUNTER SAND STONE
BUNTER SANDSTONE
PERMIAN SANDSTONE (subsurface)
BUNTER SANDSTONE
ST. BEES SANDSTONE
AREA 1
AREA 2
AREA 3
AREA 9
AREA 3
AREA 5
AREA 5
AREA 4
AREA 4
AREA 6
(south)
AREA 1
AREA 1
AREA 8
AREA 5
AREA 8
AREA 6
(nor th
AREA 7
AREA 9
AREA 10
AREA 7
5550 md
4670 md
4300 md
3760 md
3240 md
2880 md
2240 md
2040 md
2000 md
1940 md
1620 md
1450 md
1100 md
670 md
400 md
266 md
133 md
85md
29 md
4.7 md
KH,KV
P = 0.50
1.32
1.32
2.85
2 • 44
1.93
4 ..27
4.63
1.24
1 • 55
1.28
1 • 75
2.50
1.76
1.36
2.22
4 • 15
0 • 85
2.64
3.55
7C2'
Tab].e 16 fulfils one of the principal objectives of
the study, viz, the quantitative discrimination between the
various sandstone subdivisions of the Permo-Trias sequence
with respect to their permeability. This has now been
accomplished, although nothing like sufficient samples have
been examined in order for these results to be any more than
a preliminary assessment.
Referring to the curves themselves, (Figs. 50-69), one
or two points should be made.
i) Vertical permeability is exceeded by horizontal
permeability in practically every curve, indicating
that isotropic sandstone is very rare in the Permo-
Trias sequence. The departure of the vertical curve
to the right of the horizontal curve is an indication
of the degree of anisotropy, which is expressed in
terms of ratios on Table 16. It appears to reach a
maximum in'parts of the Lower and Upper Mottled
Sandstone, which might be expected from their dominantly
laminated texture. It is surprisingly high in the Bunter
Sandstone of North Lancashire and of Northern Ireland,
and again, as expected, is moderate to high in the
Penrith Sandstone and Permian Sandstone of Southern
Scotland. On the other hand, most of the Bunter Pebble
Beds (sand facies) is only slightly anisotropic, a
situation also found in the Keuper Sandstone. This is
presumably related to the coarser grain size of these
sandstones, and a relative absence of laminated material.
The only subdivision showing virtual isotropy was the sub-
surface material from the Dumfries Basin in Area 9, a rather
unlikely place to discover it.
.) There is a tendency in some of the frequency distributions
for anisotropy to decrease with increasing magnitude of
permeability, eg in the Upper Mottled Sandstone of Area 1
(Fig.51), the Keuper Sandstone of Area 5 (Fig.60) and Bunter
Sandstone (north) of Area 6 (Fig.62). This is again ascribed
to very obvious increase in grain size in the more permeable
sandy units.
i) The distribution curve for six of the sandstone subdivisions
extends over the entire measured permeability range from less
than 1 to over 10000 md.
	 The formations are as follows :
Lower Keuper Sandstone
Upper Mottled Sandstone
Lower Mottled Sandstone
Bunter Pebble Beds
Upper Mottled Sandstone
Penrith Sandstone
Area 1
Area 1
Area 4
Area 5
Area 5
Area 8
(Fig • 52)
(Fig.51)
(Fig .56)
(Fig • 58)
(Fig.59)
(Fig.66)
I
The presence of such wide variation in these beds is a
direct reflection of marked lithological change within
these designated Areas. This suggests that the
designated Areas are not the zones of relatively constant
lithology that they have been assumed to be in this study.
However, further subdivision of the Permo-Trias outcrop is
impracticable without a further even more intensive samplinc
operation. It is therefore, concluded that the extended
range of these probability curves should be taken as a
warning that within the Areas, considerable lithological
variation does exist and that this has a direct effect
on formation permeability. The assumption of a single
value for this propertyin, for example, the Penrith
Sandstone is therefore most unwise and the whole
distribution curve should be considered in relation to
the lithology of the particular section of the formation
under study. Further research is clearly required on
such problems as aquifer property variation within the
cemented zones of, for instance, the Penrith Sandstone
and the Upper Mottled Sandstone.
I )r
6.4. SUMMARY : PERMEABILITY
The examination of the permeability data on a probability
basis demonstrates that very marked differences exist between
the sandstone formations in different parts of the country.
The most permeable beds are without doubt the coarse friable
Bunter sands of the English Midlands. These are closely
followed by the Lower and Upper Mottled sandstones of the
same area and by the Keuper Sandstones of Area 5 (north-west
England). By contrast the formations in northern England,
Scotland and northern Ireland are on the whole more cemented
and therefore less permeable than comparable deposits further
south.
Variations exist also within laterally ecluivalent units
as follows :-
The Lower Mottled Sandstone is everywhere moderately
permeable, but appreciably more so in the Severn valley
than in mid-Shropshire.
Bunter Pebble Beds show a general tendency towards lower
permeability as they are traced from Warwickshire and
Staffordshire (where we are speaking only of the sand
facies), into Shropshire and northwards into Cheshire and
Lancashire.
The Upper Mottled Sandstone is more permeable in the Cheshire-
Merseyside area than in the Midlands, where, however, sampling
was rather inadequate.
The Keuper Sandstone in Cheshire and Lancashire is more
permea)Dle there than further southeast in the Midlands.
In the north, only the outcrop Permian sandstone samples
from southern Scotland and the Penrith Sandstone were
found to have a significantly high intergranular permeability.
The Permo-Trias sandstones of the Vale of York, north
Lancashire, west Cuxuberland and of northern ireland have all
been found to have a moderate to very low permeability, and
in these formations, one can only conclude that ground water
moves principally by fissure flow.
Much further work is obviously required in many parts
of the country to reinforce the preliminary observations
advanced here. But it is considered unlikely that future
results will necessitate a drastic revision of these principal
conclusions.
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6.5. PROBABILITY CURVE ANALYSIS : POROSITY
The distribution of porosity values in the various
sandstones in the ten Areas are shown graphically in
Figs. 70-88, and this data has been summarised in Table 17
which indicates mean values of porosity and equivalent
saturated density' in grains per cubic centimetre. Saturated
density values have been listed both here and in the data
sheets as it was felt these were of particular interest to
geophysicists who may wish to use the values in gravity
studies. It is clear even from Table 17 that considerable
variation in porosity exists within the Permo-Triassic
aquifers, and that this variation is directly related to
changes in formation density which in turn reflect facies
variation. The relationship between porosity arid density
is shown in Fig. 89 and it is easily seen that it is a simple
inverse function. The good linearity may be taken to signify
relatively uniform chemical composition, with density varying
uniquely with porosity. Thus, the intercept on the density
axis when porosity is zero should indicate the matrix density
of the formation. In these sandstones it intersects at the
expected value of 2.65 gins. cc 1 which approximates to the
density of the major constituents of these sandstones, viz.
quartz, feldspar and mica. The diagram is also instructive
in that it shows that sandstone density increases towards the
north of England.
The porosity distribution curves require the following
explanatory comments :-
a) As a general rule, the variation of values within
the chosen subdivisions is quite large, and for
any particular sandstone a wide range of porosity
may be expected.
b) With one or two exceptions which may possibly be
explained by faulty sampling distribution, most of
the frequency curves are approximately linear
suggesting that porosity variation within the chosen
subdivisions is essentially Gaussian. This is in
general agreement with results on oil reservoirs
(see Davis, in de Wiest, 1969) and is thought to be an
objective indication of relatively uniform lithological
conditions.
I •i-c
TABLE 17: PROBABILITY CURVE ANALYSIS : POROSITY
POROSITY WITH
	
EQUIV.SATURATED
PROBABILITY OF 0.50
	 BULK DENSITY
per cent	 gins cc
	28.5	 2.17
	
26.8	 2.20
	
28.1	 2.19
	
30.0	 2.15
	
30.2	 2.15
	
25.3	 2.24
	
23.6	 2.26
	
23.9	 2.25
	
23.4	 2.26
	
26.4	 2.21
	
24.1	 2.25
	
30.0	 2.16
	
27.3	 2.19
	
20.4	 2.32
	
15.4	 2.40
F ORMATI ON
PER PEBBLE BEDS
R MOTTLED SANDSTONE
R KEUPER SPNDSTONE
['ER PEBBLE BEDS
R MOTTLED SANDSTONE
['ER PEBBLE BEDS
R MOTTLED SANDSTONE
['ER PEBBLE BEDS
L'ER PEBBLE BEDS
R MOTTLED SANDSTONE
'ER SANDSTONE
'ER SANDSTONE (south of York)
ER SANDSTONE (north of York)
ER SANDSTONE
BEES SANDSTONE
LI TH SANDS TONE
BEES SANDSTONE
hAN SANDSTONE (outcrop)
[IAN SANDSTONE (subsurface)
'ER SANDSTONE
	
25.4	 2.23
	
26.9	 2.20
	
23.9	 2.25
	
15.0	 2.33 - 2.41
24.3	 2.25
c) The very extended scale of the distributions for the
following subdivisions is caused by the presence,
already referred to in Chap.V. of local cementation :
Lower Keuper Sandstone
Bunter Pebble Beds
Lower Mottled Sandstone
Bunter Pebble Beds
Bunter Sandstone
Bunter Sandstone
St. Bees Sandstone
Penrith Sandstone
Bunter Sandstone
Area 1
Area 3
Area 4
Area 5
Area 6
(north of York)
Area 7
Area 7
Area 8
Area 10
Fig .72
Fig.75
Fig.76
Fig.78
Fig.82
Fig.83
Fig.84
Fig.85
Fig.88
d) RrositydaaisdiiefLyofvaluein assessing the total storage
of a formation, or, in the absence of permeability data,
of estimating an order of magnitude for permeability.
The following table gives some idea of the quantity of
storage involved for various values of porosity, and
saturated thickness.
TABLE 18. POROSITY AS STORAGE
Porosity	 Thickness of formation
per cent	 100 m	 200 m	 300 m
	
5	 5 x io6	 1O7	 1.5 x lO
	
10	 2 x	 3.0 x lO
	
15	 1.5 io	 3 x 1O	 4.5 x l0
	
20	 2.0 x 1O7	 4 x 1O7	 6 x
	25	 2.5 x	 5 x	 7.5 x lO
	30	 3.0 x	 6 x 1O7	9 x lO
N.B. Quantities are given in m3 . The assumed area is 1 km
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CHAPTER SEVEN : Comparison of field and Laboratory
'values of permeability
CHAPTER SEVEN:	 COMPARISON OF FIELD AND LABORATORY
VALUES OF TRANSMISSIVITY
i.1. INTRODUCTION
A logical development arising from the determination of
the intergranular permeability distribution in a particular
formation is to use the data to calculate values of traris-
missivity with differing probabilities. This is not, however,
transmissivity in the usual sense of the term, since values
for this property are normally obtained by the analysis of
pumping test data obtained from boreholes in the field. The
laboratory method can only provide a value for 'what may be
termed "primary transmissivity" (Tp), ie the product of the
saturated aquifer thickness and the intergranular geometric
mean horizontal permeability of the formation.
A digression is required to consider whether this is a
valid concept in well hydraulics. It is already well established
that even in formations which possess a sizeable intergranular
permeability, ground water enters production wells through
discontinuities such as bedding plane fissures, inclined joints
of either diagenetic or tectonic origin, or even natural pipes
(as in Chalk). Thi..s hks been demonstrated itiegascopically by
the work of Farrell (1963), by Slater (1966) and by Tate,
Robertson and Gray (1970). At the present time it is true to
say that entry of water by microscopic flow has not been
positively identified and indeed is rather unlikely to be,
in view of the low velocities involved.
In formations of very low or negligible intergrariular
permeability, there is no conceptual problem in assuming that
the aquifer yields water by transmission of water though an
anastomosing system of fissures ranging in size from several
centimetres down to hairline cracks. In spite of our total
lack of knowledge of the detailed fluid pressure gradients
within the fissure system, it still seems highly probable
that seepage through the intervening blocks is negligible.
When the case of the formation with sizeable intergranular
permeability is considered, we are dealing with material which
will transmit considerable volumes of water under relatively
low hydraulic gradients and yet in much of this type of
material, there is a joint system present as well. The problem
is to assess to what extent it is likely that the intergranular
permeability interacts with 'free flow' along discontinuities.
It is clear that such a problem can only be resolved by
using rather indirect methods.
In the following analysis, it has been assumed that the
transmissivity of a formation is in reality the sum of two
fundamentally different components of flow, which under both
natural and artificial (pumping) conditions interact with one
another in what can only be described at present as a complex
manner.
These two components are the microscopic or intergranular
flow, and the megascopic or fissure flow. The results of the
work of Tate et al (1970) suggest that the second component
is almost always dominant during entry of water to pumping
boreholes even in formations of high intergranular permeability
and in their immediate vicinity. 	 This conflicts with the
view of Crook and Howell (1970) who consider, on the basis of
studies they have carried out in the relatively cemented
Bunter of South Lancashire, that intergranular flow is dominant
throughout these sandstone sequences, and "except in a minority
of occasions" fissure flow is not important.
7.3. CORRELATION BETWEEN LABORATORY AND Fl ELi) VALUE S OF
TRANSMISSIVITY AT SIX SITES
During the course of the Project, correlation between
laboratory and field values of transmissivity was attempted
at six localities. These were as follows :-
1. LITTLETON COLLIERY, STAFFS
2. EDWINSTOWE, NOTTS
3 • VALE OF CLWYD, DENBIGHS
4. WEST CUMBERLAND
5. DUNFRIES
6. HAW HILL,COMBER, Co.DOWN
AREA 1 Bunter Pebble Be4s
AREA 2 Bunter Pebble Beds
AREA 5 Bunter Sandstone
AREA 7 St. Bees Sandstone
AREA 9 Permian Sandstone
AREA 10 Bunter Sandstone
With the exception of the investigation at Littleton
Colliery, the correlations described below were based on -
a) laboratory data on numerous sequences of cores, and
b) the analysis of drawdown data from observation wells
specially drilled in the vicinity of pumped boreholes.
The use of the Dupuit steady state method, as adopted by
Payne (1968) and Crook and Howell (1970), was thereby
avoided and a more precise comparison of field and laboratory
values obtained.
7 • 3.1 • LITTLETON COLLIERY, STAFFORDSHIRE
A comparison between the total transmissivity of the
Bunter Pebble Beds, Tt and the intergranular or primary
transmissivity, T was made in the vicinity of Littleton
, -
Colliery near Cannock, Staffs. This study formed part of
hydrogeological work carried out by IGS for the National
Coal Board in connexion with the driving and possible
dewatering of an inclined tunnel through the Pebble Beds
(see Lovelock, 1971).
The formation at outcrop is shown in Plates 1A, lB
and 2A. It can be clearly divided into 3 sub facies :
i) the coarse shingle units with a sand matrix (Pl.1A)
ii) the sand-free shingle units (P1.13) and
iii) the interbedded coarse sandstone units (P1.2A).
Because of the impossibility of testing the permeability
of the shingle beds in the undisturbed state in the laboratory,
a rather unusual procedure had to be adopted to determine T in
these deposits; this may be sumtnarise in the following steps:
a) The thickness ratio of sandstorto both types of
shingle beds was determined by direct observation
at a number of points in the extensive excavation
known as Dunnings' Gravel Works, just to the south
of the site of the proposed tunnel. The values of
the ratio ranged from 1:10 to 3:7 and an average value
of 1:4 was obtained (20% of the total formation
thickness).
b) By means of particle size analysis, it was determined
that the size distribution of the sand fraction of
the shingle beds was closely comparable with that in
the sandstone units. The relevant comparative data
are given below :
Pebble Bed — Sand fraction
II
	
II
Is
	
I,
Sand Lens
II
Sample No.
708
711
713
707
715
	
1)10	 D50	 1)60
	
iran	 nun •
	 nun
	
0.142	 0.275	 0.32(
0.120 0.267	 O.33
0.154 0.270	 0.30(
0.145 0.265	 0.29]
0.170 0.290	 0.31C
c) The results of step 'b' permitted the use of the assumption
that because the size distribution of the two sands was similar,
then intergranular permeability values in the two media are alsc
likely to be similar.
d) The cross sectional area of the pebble fraction of the shingle
beds was then assessed. It was considered that, as a first
approximation, the mean permeability value of the sandstone
units (derived by core analysis) might be reduced by the average
area of shingle-bed cross section occupied by pebbles.
	 Since
no flow can take place through the pebbles, their presence must
reduce intergranular flow by an amount proportionate to and
probably slightly in excess of their total cross-sectional area.
The cross sectional area was measured by preparing trans-
parent overlays on photographs of vertical faces in the Pebble
Beds in Dunning's Pit. The pebble areas in selected squares
were marked in solid black and the proportion of pebble area
(black) to sand area (clear) was directly measured in a Quantime
720 Image Analysing Computer. By examination of 11 photographs,
1))P\
a mean value of 33% for the pebble cross-section was
obtained.
e) Core analysis was then carried out on samples of the
sandstone units and this resulted in a geometric mean
permeability of 8987 md which when reduced by 33% to
produce an approximate value for intergranular permeabilit
in the shingle beds became 6021 md.
From these values for permeability, theoretical primary
transndssivity figures were obtained in the usual way by
multiplying by an appropriate figure for saturated aquifer
thickness.
This led to the following values of T in various units being
obtained, assuming a thickness ratio of 1 : 4 sand to shingle,
with actual values of 11 m for the sand thickness and 44m for
the shingle thickness:
Sand
-4 2 -18.44xl0 ins
72.91
T1 Shingle
-3 2 -12.26 x 10 in .s
195.36
Total T
3.10 x 10 m2.s
268.3 m2.d
4879 Igpd/ft	 13074 Igpd/ft	 17953 Igpd/ft
Subsequent pumping tests in the formation in the immediate
vicinity of the proposed tunnel were carried out arid although
the mathematical analysis of this data was complicated by the
(228)
presence of multiple barrier boundaries, it is probable
that the total transinissivity of the Pebble Beds is
-22	 -1	 2-1
approximately 3.21 x 10 m • s
	 (or 2771 m .d
	 or
186000 Igpd/ft). This value for Tt is based on non-
equilibrium analysis of early time-drawdown data for an
observation well situated 386 m from the pumping well.
The result of this correlation, therefore suggests that
the ratio of primary transmissivity to total transmissivity
n the Bunter Pebble Beds in their type area has a value of
1 : 10. In other words, fissure flow is strikingly dominant
over intergrariular flow in this unit of the Triassic sequence
long thought to be the classic case of dominant intergranular
movement.
7.3.2. EDWINSTOWE, N0TTINGHPMSHIRE
A high proportion of the sample from the Bunter Pebble
Beds in Nottinghamshire came from the Artificial Recharge
Site of Water Resources Board at Edwinstowe near 011erton
where cores from 3 boreholes (serial Nos. 505, 508 and .509)
were subjected to core analysis at closely spaced intervals.
The resulting permeability data were analysed using the
probability method and a mean value of 4130 md (kh at O.50P
and a field temperature of 11°c) was obtained. Assuming a
A	 (229)
saturated thickness of lOOm, this resulted in a value
of 3.98 x l0 m2 .s 1
 = 344 m2..d 1 = 23093 Igpd/ft
beilg obtained for T. This value compares with a figure
of	 x l0 2in2 .s	 = 1500 m2 .d 1
 = 100,566 Igpd/ft for
Tt, derived by staff of the Resources Division of Water
Resources Board on the basis of pumping test data (personal
communication).
The ratio	 : Tt therefore appears to have a value
of 1 : 5 at theEdwinstowe site in spite of the unusually
high intergranular permeability of the Bunter thereabouts.
In view of the presence of coal mining beneath the Bunter
at the site there are grounds for believing that the high
Tt is partially a reflection of an induced fissure
permeability in the formation caused by subsidence.
The Edwinstowe site is the subject of a forthcoming
paper by Williams, Downing and Lovelock (in press). Whether
the ratio 1 : 5 applies widely in the Nottinghamshire Bunter
remains to be elucidated.
7.3.3. VALE OF CLWYD, DENBIGHSHIRE
A comparison of total and primary transmissivity was
obtained in the Bunter beds of the Vale of Clwyd at 2 sites,
through the work of Resources Division, Water Resources
Board. Cores from Boreholes Al and B2 were subjected to
orthodox core analysis, arid the data forms part of Chapter 5
of this thesis (p .161 ).
I gpd/ft2
9.46
6.39
I gpd/ft2 -1m .s 2	 lm.d
- confin€
In order to compare the laboratory data with the field
data, the horizontal permeability values obtained from
each hole were averaged to produce a geometric mean value,
since in this case there was insufficient data for a
probability curve to be plotted.
The mean k values corrected to field ground water
temperature were found to be as follows :-
-1	 -1
	
md	 m.s	 m.d
B.H. Al	 554k	 5.35 x ].06	 4.62 x 10_i
B.H. Bi	 374	 3.61 x i0 6 	3.12 x 10
These values were then multiplied by appropriate values
for saturated thickness, provided by Water Resources Board,
(these were 122 m in the case of Site A, and 40 m in the
case of Site B) in order to produce figures for T, which in
the following tables are compared with field values for Tt.
T , Site A
p
Tt, Site A
6.53 x lO
1.38 x 10
56.4
1192.0
3784
80000
	
Site B	 1.44 x	 I 12.5	 837	 ) - unconfñ
	
Tt, Site B	 1.73 x l0	 149.0	 10000
I)
It is clear from this table that there is a large
difference between T and 	 at both sites, which leads
p
one to conclude that fissure flow is dominant over inter-
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-1
m.d
1.11 x l0
3.59 x lO
I gpd/ft
0.02
0.08
granular flow in the Clwyd Trias. The fact that T p varies
in the same manner as Tt from site to site suggests, however,
that T exerts a basic control over the total transmissivity
of the formation.
7.3.4. WEST CUMBERIAND
In this area, the relationship between T and Tt was
investigated in the St Bees Sandstone in collaborative work
between IGS and Water Resources Board. Two sites in the
confined aquifer were studied, to test the hypothesis that
was negligible and that therefore fissure flow was the
dominant vehicle for ground water movement in this formation.
The same procedure adopted in the Vale of Ciwyd was
used. Mean k values, corrected to field ground water
temperature were found to be :
-1
md	 xn.s
B.H. lB	 1.34	 1.29	 10 8
B.H. 2B	 4.30	 4.15 x io8
The saturated thickness of the formation at Site 1/lB is
approximately 60 m, that at site 2/2B is approximately 175 m.
Multiplication by these values results in the following data
for T which is compared with values for Tt, obtained by
pumping tests in the following table :-
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7.74 x io	 6.66 x io_2
6.55 x	 565.9
7.26 x io6
	
6.28 x 10_i
4.03 x l0	 34.8
2 -1	 2 -3.
m.s	 m.d
T , Site 1
p
Tt, Site 1
Site 2
Tt, Site 2
I gpd/ft
3.94
37980
45.9
2334
The results demonstrate conclusively that intergranular
flow is practically irrelevant in the process of ground water
movement through the St Bees Sandstone, at least in west
Cumberland. It should be pointed out, however, that flow
through a fault plane is at least partly responsible for the
high Tt value at Site 1, and that therefore it is likely that
the conditions at Site 2 are more typical of the formation as
a whole. Even here, however, there is an enormous discrepanc:
between the T and T values.
p	 t
7.3.5. DUMFRIES
In the breccia facies of the Permian Sandstone in Area 9
a correlation between T and T was obtained at the I.C.I.
p	 t
Factory at Drungans near Dumfries. Cores from the No. 2
Borehole at the factory, seen in Plate 12B and Fig.27 were
subjected to core analysis (sample Nos. 329-1 to 329-24) and
the results expressed in the form of a probability curve
(Fig.68). From this curve, values of T have already been
computed (in section 6) for a saturated thickness of 300 in.
In fact for the purpose of an exact correlation with Tt
derived from pumping tests, these values must be reduced
since the thickness of saturated aquifer actually penetrated
at the site was 187.1 m (614 ft). Use of this figure leads
to T values of 1.36 x l0 m 2 .s 1 = 11.7 m2 .d 1 = 788 Igpd/:
Pumping tests at the site were carried out by IGS in
July 1968 and a report on the investigation was prepared
(Lovelock, 1968). Although pumping commenced from a very
slowly recovering piezometric surface, a reasonably accurate
solution for Tt was obtained, using the Theis and Jacob
methods of analysis.
Subsequent continuously recorded water level data
confirmed that confined conditions prevail at the site. The
Tt values obtained were 1.09 x 10 3m2.s l =	 m2.d1 =
6334 Igpd/ft, this figure being a geometric mean of the
results using the Theis and the Jacob methods.
A large difference was therefore found to exist
between the T and Tt values in this part of the Perm.o-Trias.
Since the wells at the factory penetrate a proportion of
sandstone as well as breccia, it could be expected that
would depart from Tt to an even greater extent in wells
drilled only into breccia. Conversely, those penetrating
only sandstone would show a closer agreement between	 and
Tt owing to the higher microscopic permeability of the
sandstones, demonstrated in Chapter 5 (p. 187 ). The result
must, however, only be taken as a first approximation.
Problems were encountered in the interpretation of the
pumping test data which might affect the value of the ratio
T : Tt quite significantly. Principal amongst these
was the problem of dewatering caused by overdevelopment,
and the large partial penetration effect. Although it
is not known for certain, geophysical evidence (Bott and
Masson Smith, 1960) suggests that the saturated thickness
of the aquifer at the site may be as great as 500m, which
compaizes with only 187 m actually intersected by the pumping
and observation wells.
7.3.6. NEWTOWNARDS, COMBER, CO.DOWN
Correlations between T and T were attempted in
p	 t
both the buried Perxnian Sandstone and the Bunter Sandstone
aquifers in the area east and south of Scrabo Hill in
County Down, Northern Ireland. For the values of Tt the
Author is indebted to Stephen Foster of Hydrogeological
Department IGS who supervised and interpreted the pumping
tests.
The Permian Sandstone was investigated using wells
drilled in the vicinity of Kennel Bridge, Conüer. Laboratory
determinations of permeability were made on 9 samples of.
the formation (Nos. 326-1 to 326-9) from depths of between
51.2 m and 66.2 m; these were unfortunately from only the
lower third of the formation but the drilling conditions
suggested that the upper two-thirds were of substantially
similar lithology, viz, coarse friable sands and thin
brockrams. A geometric mean value for horizontal permeability
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was calculated which when corrected to the field ground
water temperature of 11°C was found to have a value of
2410 md. The saturated thickness of the aciuifer is
approximately 61 in (200 ft) and, therefore, T was found
-32 -1
	 2 -1to have a value of 1.42 x 10 in .s = 122.7 in .d	 =
8242 Igpd/ft.
By comparison, the results of non-steady state
analysis of time-drawdown data gave values of 1.29 x lO
2 -1	 2 -1in .s = 111.8 in .d = 7500 Igpd/ft (Foster, 1968). The
conclusion to be drawn is that T appears to be approximately
equal to Tt and that therefore intergranular flow is the
dominant process whereby water is transmitted in pumping
wells in this formation. In view of the fact t:hat T has
not been found to equal Tt in any of the other studies
reported here, it may be that it is incorrect to assume that
the core samples examined are completely representative of
the higher levels of the formation. On the other hand,
those which were tested are particularly permeable, in cases
reaching 12 darcys.
The study on the Bunter Sandstone was carried out
using a fully cored well at Haw Hill (Irish Grid 348306952)
(Fig.28) which provided the intergranular permeability data,
and a pumping test at McAlpine's Farm about 2 km to the
north. The geometric mean horizontal permeability of the
formation at Haw Hill, based on 27 samples (Nos.673-1 to
(2 )
673-27), corrected to field ground water temperature
(11°C) was found to be only 1.083 x io_6 m.s. The
thickness of saturated aquifer in the well was 36.8m,
-5 2 -1	 2 -1
resulting in T values of 3.99 x 10 m .s = 3.44 m .d
p
= 231.25 igpd/ft.
Pumping test data from McAlpines Farm (Foster,1969)
resulted in values for Tt of 6.04 x 10 3m .s 1 =
521.5 m2 .d 1 = 35000 Igpd/ft	 20%. Although the
saturated thickness of the aquifer at the site was 76.2 m
(250 ft), it is clear that there is wide divergence between
the T and Tt values. Part of the discrepancy may be
related to the fact that the McAlpines Farm site is slightly
higher in the Permo-Triassic sequence, but the principal
factor must be the prevalence of ground water flow along
discontinuities, especially bedding plane fissures as this
formation tends to be thinly bedded (see Plate l3B). The
conclusion therefore is that in contrast to the Permian,
the Bunter in Northern Ireland is apparently a fissure flow
aquifer.
7.4. CONCLUSIONS
The results presented in this chapter are best summarisE
by examining the regional variation in the value of the ratio
T : T • These are tabulated overleaf and explanatory
p	 t
comxnts follow -
AREA	 FORMATION	 Tp : Tt RATIO
1
2
5
5
7
7
9
10
10
BUNTER PEBBLE BEDS
BUNTER PEBBLE BEDS
BUNTER SANDSTONE (Vale of Ciwyd) Site A
BUNTER SANDSTONE (Vale of Clwyd) Site B
St. BEES SANDSTONE Site 1
St. BEES SANDSTONE Site 2
PERNIAN SANDSTONE
PERMIAN SANDSTONE
BUNTER SANDSTONE
1 : 10
1: 5
1 : 21
1 : 12
1 : 10000
1 : 50
1: 8
1: 1
1 : 150
The above table demonstrates the variability of
conditions in the Permo-Trias aquifers in different parts
of U.K. What we are considering here, is the areal
variation in both primary and total transmissivity, which
is influenced by all the factors affecting formation
permeability, i.e. sedimentation, cementation, diagenetic
processes and structural deformation. As might be expected,
it is apparent that the ratio varies logarithmically and is
closest to unity in those areas where the sandstones possess
maximum intergranular permeability, and is smallest where the
cementation and structural deformation are most prevalent.
A great deal more research is required to establish the
(238)
regional variation in the ratio; this would have to be
executed using cored boreholes which are subsequently
pumped. In practical terms, this could be most easily
accomplished by drilling cored boreholes at sites at which
exploratory production wells are to be constructed. The
results of the core analysis could then be compared with
the pump test data, and in the course of time, more andmore
data will be accumulated so that a comprehensive model of the
relative importance of fissure and intergranular flow in the
formation can be built up.
(239)
CHAPTER EIGHT : CorreLation with West and East
6ermany '
aCHAPTER EIGHT : CORRELATION WITH WEST & EAST GERMANY
8.1. INTRODUCTION
The problem of the relationship between microscopic
intergranular permeability, deduced from core analysis, and
total transmissivity derived from pumping test analysis, has
also been studied in the Permó-Trias in Germany by Hauthal
(1967) and by Durbaum, Matthess and Rambow (1969). 	 Their
work was similar in conception and execution to the present
study, and it may be useful to compare the results of these
studies with those obtained in Britain.
It is necessary at this point to digress to consider
the present state of knowledge on the problem of correlating
the Trias in the British Isles with that on the Continent.
This was demonstrated at the 1967 Symposium on the Triassic
Rocks of the British Isles, held by the Geological Society
of London. The papers presented and the lively discussion
of them that ensued were a clear indication that general
agreement on such fundamental matters as the position of
the upper and lower boundaries of lithostratigrapliic
subdivisions of the Trias has not yet been achieved.
	 Much
of the time was taken up by considering the crucial "Keuper"
sequences which do not include much water bearing strata.
However, some important points did emerge during the Symposium
which are of significance in studies of the ground water
hydrology of the British Trias. These may be summarised as
follows :-
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i. The palynological studies carried out by Warrinton
(1967) and (1970) indicate that practically the
entire sequence of permeable sandstone and pebble
beds above the base of the Bunter Pebble Beds is
Scythian in age.	 Parts of the 'Keuper' Building
Stones in Central England are Anisian (see Fig. 90
from Warrington (1970)). This means that the
principal Triassic aquifers were laid down within
the span of a single stage, the earliest of the
European Triassic, currently referred to as Palaeo-
Triassic.
ii. Although universal agreement is by no means complete,
it is widely held that the base of the Trias should
be taken at the base of the Bunter Pebble Beds, a
plane of marked erosion (see Plate 4B). This naturally
places the Lower Mottled Sandstone in the Permian
and raises the often discussed possibility that this
formation is laterally equivalent to other dune bedded
rocks normally referred to the Perinian such as the
Penrith Sandstone and the Dumfries sands of Scotland.
The principal problem here is that of defining the
base of the Trias in those areas where Pebble Beds are
not developed, as pointed out by Poole (in discussion
of Audley-Charles, 1970 a).
I
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iii. The problem of how the Permian andstone deposits in
the British Isles are related to the sedimentologically
similar overlying Triaic rocks was scarcely nentioned.
Although dtrictiy the Symposium was concerned with
Triassic problems, the question of the location of the
base of the Trias must be studied in relation to the
underlying formations. In this respect the apparently
widespread development of passage beds at this horizon
in Northern England and in Ireland, contrasts strongly
with the knife-edge junction at the base of the Pebble
Beds in the England Midlands. These passage beds were
referred to by Audley-Charles (1970b), Manning (in
discussion of Audley-Charles, l970b), and Smith (general
discussion). Pa].ynological studies of the St Bees
Shales and related passage deposits at equivalent
horizons thought to be of similar age are urgently
required in order to attempt to establish the relationshi
between those Bunter sandstones now known to be late -
Scythian in age, and those currently being referred to
for convenience as Perinian.
iv. It is now considered permissible to use the terms
'Keuper' and 'Bunter' only as facies names. Once
the true time relationship of the rocks has been
unravelled, new chronostratigraphic names will
presumably be given to the various subdivisions. This
(')A
would best be carried out by the Triassic Working
Group of the Mesozoic Era Sub-Committee currently
reviewing stratigraphical nomenclature and correlation.
The correlation diagram from Warrington (1970) (Fig.90)
indicates how the formations studied by Hautha]. (1967) and
Durbaum et al (1969) relate to the British sequences.	 As
far as the Author is aware, no similar studies have yet been
carried out in France. No doubt they will be in the near
future.
8.2. HAUTHAL'S STUDY IN THURINGIA, EAST GERMY
The Trias occupies a large area in central Germany
between the Hercynian crystalline massif of the Black Forest
on the west, and the Bohemian massif to the east. Within
this wide zone, the type facies of the German Trias is
developed, the lower part of which consists mainly of sand-
stone and conglomerate. This is referred to as "Gres bigarre"
by French authors (eg Gignoux,1960) and as Buntsandstein by
German authors such as Brinkmann (1926). The outcrop area is
shown on the accompanying sketch map (Fig.91) taken from
Gignoux (1960) and can be seen to include in the north the
major part of the old provinces of Hesse and Thuringia. It
is here that the work of Hauthal and Durbauin et al has been
carried out.
(243)
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Hauthal's results are based on data from a cored
borehole drilled into the Hardegsen, Detfurth and Voipriehauser
formations of the Middle Bunter Sandstone at Hy Lauchstadt,
about 30 km west of Leipzig in Thuringia. The sequence proved
in the borehole was as follows (in metres):
Pleistocene bess and sand
Sandstone and siltstone (Hardegsen Formation)
Siltstone and mudstone (Detfurth Formation)
Sandstone (Detfurth and Voipriehausen
Formations)
Laboratory determinations of permeability were carried out on
7 samples of the upper sandstone aquifer (Hardegsen) and on
16 samples of the lower aquifer (Voipriehausen and lower part
of Detfurth). These samples were chosen on lithological
grounds and the results for each of the aquifers were averaged
to produce an arithmetic mean. The values were as follows :
Mean Value	 Range
Hardegsen	 1.3 x 10 7m.s 1	to 6.4 x io6 m.s
voipriehausen)	 7 -1	 9	 5 -]
and lower	 )	 1.2 x 10 m.s	 . <10 to 1.22 x 10 xn.s
Detfurth
The field values for permeability were obtained by analysis of
both steady and non-steady state pumping data. Comparative
data for the upper and lower aquifers were obtained by a1terin
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the position of lining tubes. The values obtained using
Dupuit, Theis - Jacob and Wiederhold (1965) methods were
then also averaged to produce an arithmetic mean value for
field permeability. The values were 4.5 x io6 m.s 1
 for
the upper aquifer (Hardegsen) and 3.2 x 106 xn.s 1 for the
lower aquifer (Volpriehausen and lower part of Detfurth).
As the in-situ permeability of the aquifers was found
to be 20-30 times larger than the intergranular permeability
determined on core samples, Hauthal concluded that ground
water in the sandstones mainly flows through joints and
bedding planes. While this conclusion by itself is not
disputed, his work is open to criticism on three counts:
firstly, the number of samples he examined is very small and
secondly, unless the range of values is very limited, the
geometric mean should be used to average permeability da1a,
as this property varies in a logarithmic manner. The use of
arithmetic means is very misleading and leads to positive
errors in values which in this case cause an over optimistic
picture of intergranular permeability to be presented. Finally,
his samples were chosen not on a statistical basis but to cover
the range of lithology. This leads to obvious errors
especially when dealing with small numbers of samples.
Unfortunately no density or porosity data or more
detailed lithological information accompanies Herr Hauthal's
paper and a 1ette to him requesting further details brought
no reply. According to the known stratigraphy of this part
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of the Trias in East Germany, it appears that the
formations are lithologically similar to the Bunter Sand-
stone of the Vale of York (Area 6 north of York)) and of
North West England (Area 7).	 It is, therefore, interesting
that the permeability data varies over approximately the same
range, and one may perhaps conclude that it is likely that T
in these parts of the English Trias may also exceed Tp by a
factor of 20-30.
8.3. RESULTS FROM HESSE, WEST GERMANY
Similar studies have been made by Durbaum et al
(1969) using 4 cored boreholes located in the Triassic
basin of northern Hesse. The details of these wells are
as follows :-
thickness
Elgershausen No.1. Tertiary 	 94.4
Rot (mudstone)	 111.6
Soiling Formation	 84.0
Beberbeck	 Tertiary	 15.0
Soiling Formation	 22.8
Hardegsen Formation 230.2
Detfurth Formation	 7.0
Haarhausen No.6.
	 Soiling Formation	 55.9
Hardegsen Formation 168.6
Detfurth Formation	 7.0
depth
94.4
206.0
290.0
15.0
37.8
268.0
275.0
55.9
224.5
231.5
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thickness	 depth
Altenstdt	 Hardegsen Formation 	 114.55	 114.55
Detfurth Formation 	 86.9	 201.45
voipriehausen Formation 7.25 	 208.70
Samples were taken from the cores at intervals of several
metres throughout the formations so that the permeability
data was given a good statistical basis. These samples were
tested using orthodox petroleum core analysis methods (the
same as those employed in this study). From these results
laboratory values of transmissivity were calculated by
planimetering under a core - log of permeability against
depth (using linear scales). These values were compared
with those derived from both steady state arid non-steady
state data obtained during pumping tests on the boreholes,
with individual members of the Bunter sequence being separate1
evaluated by altering the position of lining tubes. The resull
may be summarised as follows :-
T Va]ue	 T.value
Borehole	 Eozmation	 -	 2 1
Elgershausen No.1. SOLLING
	 6.4:l0	 l.8xlO
Beberbeck	 SOLLING + UPPER
	 1.1 xio 6	 1.6 xlo
HARDEGSEN
Beberbeck	 SOLLING + HARDEG SEN 1.2 xlO6
	
2.3 xlO
(WHOLE)
Haarhausen No.6.	 SOLLING + UPPER 	 2.6 x104
	
1.3 xlO
HARDEG SEN
Haarhausen No.6
	 SOLLING + HARDEGSEN 5.0 x104
	
2.]. xlO
(WHOLE)
-5 *9.0 x 10
-4 *3.6 x 10
-4 *2.5 x 10
7.7 x l0
2.7 x lo
5.6 x 106
-4 *5.5 x 10 1.5 x
	
T Value	 T*value
Borehole	 Formation	 m2.s.
Altenstädt	 HARDEGSEN	 9.0 xlO 5
	3.6 xlO
Altenstädt	 HARDEGSEN + DETFURTH +	 2.5 xlO	 5.5 xlO
VOLPRIEHAUSEN
The formations studied are laterally equivalent to those
investigated by Hauthal in Thuringia, and fig.90 shows that
they are to be correlated with the upper part of the 'Bunter'
sandstone and the lower part of the 'Keuper' sandstone of the
English Midlands. Conversion of the k values given by Hauthal
to values for primary and total transmissivity allows the
following table to be drawn up, comparing results from Hease
and Thuringia (units in m2 .s') :
HESSE	 THURINGIA
Formation	 (Durbaum et al
	 (Hauthal (1967))
Hardegsen, T
Hardegsen, Tt
Detfurth & Voipriehausen
T
Detfurth & Voipriehausen
Tt
* Based on Altenstâdt Borehole.
The table shows that although values for Tp in Thuringia are
well below those in Hesse, there is a measure of agreement in
total transmissivity in the two areas.
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Without first hand observation of the Bunter outcrops
in Germany, it is difficult to draw firm conclusions on the
degree of correlation between the English and German aquifers.
The magnitude of the values listed above is similar to those
reported here for some British formations. But, whereas the
thiçknesses of the German units are comparable with those in
Britain, the values for primary transrhissivity compare with
the least permeable aquifers in the British Perino-Trias
sequences. The generally very low permeability of the German
units is well shown in the diagrams accompanying the paper by
Durbaum et al. The results on the Soiling sandstone from
Elgershausen compare with the Bunter Sandstone of Northern
Ireland. Those from Beberbeck are lower than anywhere in
Britain, and those from Haarhausen are .approximately the same
in magnitude as those from the Permian of the Dumfries Basin
(Area 9) and those from the Bunter Sandstone north of York
(Area 6). When the Altenstädt results are considered, it is
found that these are only comparable to the Bunter Sandstone
of Area 7.
All the values from Thuringia are lower than any-
thing so far recorded in Britain.
The difference in the properties of the aquifers
in the three countries is so great that the values for total
transmissivity of the German formations are exceeded by values
for primary transmissivity calculated for some of the British
units. These values naturally include a fracture permeability
component and it is concluded that the German rocks must be
insufficiently fractured for their transmissivity to reach
moderate values.
8.4. CONCLUSIONS
It appears that the British Permo-Triassic sandstone
aquifers are very much more permeable that their German
counterparts. Although Durbauin et al (1969) were able to
establish that permeability increased towards the margins of
the Hesse Basin it seems clear that, in view of the wide
departure of transmissivity values, cementation must be much
more widespread in the German material. In this respect, the
porosity data published by Meisl (1965) are instructive. He
has studied the cementation of the Bunter Series in Hesse and
in the Schlitz area,for example, the Soiling Sandstone was
found to have a porosity (presumably total interconnected) of
only 2.3 to 6.0 per cent. The very small dimensions of the
pore channels of the German sandstones were also demonstrated
by Durbaum et al in the same 1969 paper referred to above in
which they determined the pore size distribution of three plugs
using American Ruska capillary pressure apparatus. The peak in
the pore size frequency distribution curve occurred at 10p- in
a lower Hardegsen sandstone plug from Altenstädt, at 	 in a
Soiling Sandstone plug from Haarhausen, and at only 4/4 in an
upper Hardegsen plug from Haarhausen. Regrettably, no comparabl
studies have been undertaken in UK, although such a project is
planned.
f ) cr
Firsthand examination of the German material is
obviously the most effective way of discovering what is the
principal factor causing the marked differences between the
British and the German Permo-Triassic sandstone aquifers.
Finally in this discussion mention should be made of
the data which is being accumulated on the reservoir properties
and stratigraphy of the Permo-Trias in the North Sea Basin as
a result of the continuing offshore exploration for hydro-
carbons. The Author has access to information relating to the
Bunter of the Hewett gasfield, but unfortunately, at the time
of writing, the data remains confidential and cannot be
included in this document. It is probable that the answers
to some of the discrepancies in the properties of the Permo-
Trias reservoir rocks between England and Germany will be
found as a result of improved knowledge of facies change in
the sequence in the southern North Sea.
(251)
CHAPTER NINE : Application of computers in core
analysis
CHAPTER NINE : APPLICATION OF COMPUTERS IN CORE ANALYSIS
The obvious necessity in core analysis work to examine
very large numbers of samples so that the studies have a high
degree of statistical confidence requires that some stages
employ automatic data processing systems. In the studies
described in this report, a number of short, simple computer
programs in Fortran IV language were developed to allow
laboratory data to be automatically processed at the Atlas
Computer Laboratory of Science Research Council. The Author
is indebted to Dr Tim Gover and Mrs. Elizabeth Gill of ACL
who assisted with the correction and satisfactory operation
of the programs.
All the programs were basically similar. Laboratory
data on batches of up to several hundred test plugs were
entered on 80 - column preparation sheets at the time the
experiments were carried out. The data on these sheets was
transferred to punched cards for computer input and for
subsequent data banking purposes in IGS. Copies of these
purely computational programs accompany this chapter; brief
notes on their range of operation are given below. Output
was produced on a line printer so that statistical analysis
could proceed immediately, but it is envisaged that some
alternative form of storage of computed results might be
adopted for data banking purposes.
(252)
9.1. PORE TEST PROGRAM
This facilitated the calculation of porosity (P), dry
bulk density (RB), saturated bulk density (RS) and matrix
density (RG) using three input data for each test plug, viz.
W, S1 and S2 (see Eq(l). p.61 ).. It was found that, in
practice, experimental errors could be very rapidly spotted
in sequences of results on computer output and it is considered
that the use of some form of ADP in routine testing of large
numbers of samples besides the saving in time, results in
fewer experimental errors going unnoticed.
9.2. PERM TEST PROGRAM
Gas permeability results were computed using this
program which solved Eq.5 for k in either cm. sec 1
 or
mil].idarcy units. The Klinkenberg correction was automatically
applied in this program to all results having a value of less
than 1000 md, using the simplified correction function Eq. (6).
These corrected values were also expressed in both cm.sec1
and millidarcy units. In the form given here, the program has
a range of from i0 6 to > 20 d, i.e. it can handle the full
range of a gaspemeameter.
9.3. DARCYTEST PROGRAM
Water permeability test data was calculated using another
program which solved Eq. (11), with results again expressed in
both cm.sec. 1 and millidarcy units.
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9.4. YIELD TEST PROGRAM
Results for the coxrined porosity and centrifuge
specific yield test are calculated using the Yield Test
Program.
9.5. KOBE TEST PROGRAM
The Boyles Law Porosimeter formed part of the equip-
ment allocated to the project but it was rejected as a
suitable technique for porosity determination at an early
stage. This was because of severe mercury contamination
problems and poor accuracy when handling friable sandstone
plugs (the bulk of the samples were friable). A computer
program was however written to handle the laborious calculation
and it is given here for reference purposes.
9.6. CORREIATI ON PROGRAMS
The correlation of various important parameters determine
during core analysis using computers is currently under study.
It is considered that certain relationships such as porosity X
permeability, porosity X centrifuge specific yield and centifug
specific yield X permeability may be of value in such studies
as, for example, the quantitative calibration of geophysical
well-logs. Except to provide a basis for very general remarks
about the physical properties of aquifers, it is not the
Author's view that these relationships are of much practical
value and that is why no attempt has been made to relate for
example; porosity to permeability in the work reported
here. So much attention has been drawn to the difficulty
of relating parameters such as these that there seems little
point in adding to the confusion.
9.7. AUTOMATED INSTRUMENTS FOR CORE ANALYSIS
The need to examine large numbers of samples is
particularly onerous where one is attempting to apply core
analysis in the ground water field. This is because the
technique is chiefly of value in the study of sandstone
aquifer behaviour, and these formations are commonly several
hundreds of metres thick with the entire thickness very often
acting as a discrete aquifer system. Quantitative evaluation
of the permeability distribution in such a formation
necessitates sampling at closely spaced intervals and
therefore the number of samples to be handled from just one
fully penetrating cored borehole is likely to run into
certainly hundreds, maybe thousands.
It is, therefore, pertinent to consider for a moment
how the basic instruments for measuring flow and storage
might be automated, Setting aside all considerations of
cost, the two accompanying designs have been prepared, the
first for a logical gas permeaineter instrument, and the
second for a logical liquid resaturation porosimeter each of
which is briefly explained below. It is emphasised that such
designs are only two of a great number of possible
instrument systems, and for convenience they are based
on the test procedures adopted for the present study.
9.7.1. THE LOGICAL GAS PERMEAMETER(Fig.92)
Drill cores in short lengths are fed into the plug
generator which produces right cylinders of average
dimensions 28 mm diameter. This would be a numerically
controlled machine tool. Owing to slight variations in
hardness, the plugs would have slightly variable lengths
and diameters and they are therefore calipered either
manually or optically. Each plug is then placed in a
pressure cell module and batches of several hundred modules
are then placed in a remote handling transfer facility. The
RHTF passes the plugs in their individual modules into the
instrument interface where one at a time they are inserted
into a gas stream. Measurement of gas discharge rate,
temperature and pressure gradient is recorded digitally.
The test data is logged in the computer terminal where it is
operated on by a built-in program similar in form to the
PERMTEST given above, and permeability data is produced
on-line.
9.7.2. THE LOGICAL LIQUID RESATURATION POROSINETER (Ficr.93)
Right cylinders from the plug generator are placed in
the porosimetry module which by means of the remote handling
(256
•tcci
00)
I- -'
C/)
I-
0
C)U,0)
'-SU,
0)
cDU,0)1.
C,,
C)1.0
1
1.0
I-.C.,
a.)
E
-	 C)I-..- 0
oca'- (
— C) OL(
C)I-0
C)
L.0)
-J
0.
E0C-)
.5-,
0
I-0)0)
0)
0)
— —00,'-
F-
F-C,,
I-
Lu
Lu
C,,
-J
C-)
—I
U-
C,,
Lu
C..J
a,
a,
U-
CJ
0.
- 0.
0
00C-)
0)
E
I,
Do,
D
Co
a,
a,
a,
0
E
C,)'
El0I
I-
a,
0
CoI-
(1)
-a--CO
C-,
.2
(0
-0(0
a,
-
—
1.
a,
U
C,,
C-
I-
C,,U
-J
—I
C-,
-J
C,,U
'C"
a,
0)
U-
transfer facility is inserted into a dehydration chamber.
After 16 hours at 95°C, the RHTF removes the plugs individuall
and dry weights are made on the autobalance. At the completior
of the cycle, the batch is placed in the second chamber and
liquid resaturation under vacuum takes place. Removal and
weighing is then accomplished again automatically. Finally,
the batch is transferred to the third chamber where immersed
weights are obtained. Data from the autoba].ance are logged
in the computer terminal and operated on to produce porosity
and density data.
It is only using systems like these that the full value
of a cored borehole will be realised. With current drilling
costs for coring running at £15 per metre, it seems foolish
not to take advantage of the rapidly developing technology
of automatic instrumentation. The cost of such instruments
is, however, likely to be high with commercial sales very
limited. On the,
 other hand, labour costs increase continually
and laboratory work such as routine core analysis is
essentially labour intensive and monotonous. There is, there-
fore, a good case for initiating a study of the problems and
costs of automated core analysis systems. A thorough
consideration of the economics of such systems could then be
made, and these compared with the undoubted advantage of being
able to quantify parameters such as permeability and saturation
almost continously with depth in cored boreholes. The value
of such data in building up a comprehensive picture of
permeability distribution and in facilitating calibration of
geophysical well logs needs no emphasis.

CHAPTER TEN : GENERAL CONCLUSIONS
The principal objectives of the study were:
i) to investigate to what extent existing methods
of core analysis, as used in the petroleum
industry, could be applied in the study of
sandstone aquifer behaviour.
ii) to develop new core analysis techniques,
particularly relevant to hydrogeological
research.
iii) to apply any useful data which might be
generated by the project to the evaluation of
the role of microscopic or intergranular flow
in ground water movement through sandstone
aquifers, particularly the Perino-Triassic
formations in the U.K.
The general conclusion of the study may be summarised as
follows :-
1. Orthodox core analysis methods are of value in quanti-
fying certain physical properties of aquifers which are
important in studies of ground water movement. The use of
these methods naturally depends on the availability of cores
of the formation from specially drilled boreholes, but once
material is available, the methods are rapid and of an
adequate accuracy to allow a firm evaluation of such factors
as intergranular permeability variation and total storage
to be made.
2. The drilling of cored boreholes may increase the cost
of a hydrogeological exploration programme. However, it is
common to drill at least one or two cored boreholes in most
projects for stratigraphic control purposes, and in many
cases the core material is not used once the geological
description has been made and interpreted. Studies of the
type described here provide at reasonable cost a greatdeal
more information which would not otherwise be obtained.
Moreover the high cost of cored boreholes is better justified
if core analysis is carried out.
3. The methods are of less significance in the study of
fissured formations. Parallel studies of limestone
properties, made by the Author during the course of the
project, demonstrate that intergranular movement is negligible
in formations such as the Inferior Oolite Limestone, the
Chalk, and Coal Measures sandstones. The studies have,
however, provided quantitative data on the likely magnitude
in these formations of permeability, porosity, density and
other physical properties. In particular, the chalk has been
found to have extremely low permeability, and moderate to very
high porosity. Although these studies have produced
essentially negative results, they are nonetheless significant
in obtaining a full understanding of the physical structure
of these aquifers. Further studies are therefore planned of
such aquifers in order that these properties are measured.
4. The use of core analysis techniques in hydrogeology
has some limitations. The first of these is obvious, viz.
the methods as they stand, are only applicable to bedrock
aquifers which can be cored without too much difficulty.
Totally different methods have to be applied to measure the
same parameters in unconsolidated sediments. Secondly, bed
rock aquifers are commonly several hundred metres thick. In
contrast, pay intervals in petroleum reservoirs are often
relatively thin and therefore the precise physical property
variation within that interval can be investigated in great
detail. In theory, the whole thickness of saturated aquifer
should be investigated with a comparable degree of thorough-
ness but clearly this results in the handling of literally
thousands of samples. Although the methods are quite rapid,
there are limits to the quantities of samples which can be
examined both in terms of time and cost. Either sampling
intervals have to be extended resulting in overall loss in
precision, or much more emphasis will have to be given to
the development of automated instruments and computers for
aquifer core analysis.
5. In the present study, resort has had to be made to the
use of probability in predicting the likely magnitude of
important petrophysical parameters. This has been employed
as a first approximation. Future studies it is hoped will
be based on larger nunthers of samples from smaller strati-
graphic intervals so that more emphasis is laid on litho-
logical variation rather than the gross statistical variation
6. With regard to experimental techniques, it is concluded
that the gas permer is an efficient instrument with which
to measure sandstone permeability over the range lO
	 to
10000 md. The liquid resaturation porosimetry system aithougi
generally.efficient is subject to rather large error at less
than 12% porosity; in this region, the Boyle's Law (Kobe)
instrument is almost certainly more accurate.
7. A satisfactory laboratory method of simulating gravity
drainage in saturated aquifers has been developed. Further
research is however urgently required in order to establish
by independent means that the mean pore water pressure
developed approximates to
	 atmosphere. This would be most
easily carried out by the pressure plate method in the
laboratory, and by measurement in thó field of the saturation
of core samples obtained by drilling in the zone of fluctuatic
The field work would require provision of a small mobile core
analysis labora'tory.
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8. The result's of the study of air and water permeability
correlation indicate that there is a major problem in
resaturating many types of porous sandstone with water, using
the present evacuation system. The problem might be
alleviated if smaller core samples were used. Until such
problems are overcome the question of non-Darcy behaviour
in the sandstone cannot be fully resolved. It is the
writer's opinion, however, that there is no evidence to
suggest that any fundamental difference exists between the
permeability of the sandstones to air and to water, assuming
of course that experimental data are expressed in units of
intrinsic permeability. Problems are however likely to
arise in cases of sandstone cores cut in muds of the bentonitE
type. Where coring of aquifers for subsequent analysis is
being contemplated, it is essential to pay the same close
attention to drilling techniques as that paid by the
petroleum industry.
9, Turning now to the detailed conclusions concerning the
behaviour of the British Permo-Triassic sandstone aquifers,
these may be summarised as follows :-
a) Regional variation in porosity, density and inter-
granular permeability in the formation has been
documented and quantified in a comprehensive survey
for the first time. There are significant differences
in these properties in different regions, and in some
areas the sandstones are likely to behave as fissured
aquifers owing to a negligible intergranular
permeability.
b) In the lithological control of physical properties,
particle size and cementation are of paramount
importance. Laminated bedding in much of the material
gives rise to widespread marked permeability anisotropy,
which is most prevalent in parts of the Lower and Upper
Mottled Sandstone.
c) Porosity and density show regional variation at least
as important as the permeability variation.
d) A new parameter, 'primary transmissivity', signified by
T has been defined in order to describe the relative
importance of intergranular and fissure flow in bedrock
aquifers. This is distinguished from Tt or total
transmissivity normally obtained from the analysis of
pump tests. T is calculated by multiplying the inter-
granular formation permeability value having a probabilit3
of 0.50 by either a generalised figure for saturated
aquifer thickness, or, in the case of direct correlation
with Tt derived from a pumping test, by the actual
saturated thickness at the site.
	 is compared with Tt
in the form of a ratio. Three cases are clearly possible:
i) T = Tt
	
ii) T < Tt	 and iii) T = 0 • In the
first, fissure flow is zero, all flow taking place at
the intergranular level: in the second, part of the flow
takes place via intergranular movement and part via
discontinuities; in the third, intergranular movement
is negligible. At the commencement of the study it is
fair to say that case 1 was thought to apply to the
Permo-Trias aquifers. However, preliminary results from
six widely scattered localities show that case 2 is by
far the most likely situation, except perhaps on the out-
crop of the Bunter beds in Nottinghamshire, and perhaps
at shallow sites elsewhere (as stated by Crook and
Howell, 1970). Tp/Tt values have been found to have a
considerable range, whjch is probably logarithmic.
e) Values for T are presented for most of the subdivisions
studied and it is hoped that more and more correlations
between T and Tt will be obtained in the near future by
conjunctive use of cored boreholes and scientifically
controlled pumping tests. The end result would be maps
indicating the relative importance of fissure flow in
aquifers by means of contoured values of the Tp/Tt index.
Clearly, we are a long way from this stage at the present
time.
f) The Tp/Tt index is of value in selecting the most
effective exploration program for ground water develop-
ment in a bedrock aquifer. In formations which trial
' boreholes have demonstrated to have a high
	 developmenl
wells may be drilled at sites chosed on economic arid
geographic grounds alone. In formations with a low T1
the same wells would have to be sited where economic,
geographic and geologic factors converge owing to the
necessity of drilling in well fractu.ced areas. In vie
of the present state of development in England, this
analysis may be of greatest value in exploring relatively
unknown regions abroad.
g) The British Permo-Triassic sandstones are far more
permeable than comparable formations in Germany. On
the basis of comparing published data, values of T
f or most of the British formations greatly exceed values
of Tt on the German Triassic beds, thereby demonstrating
that considerable differences of either facies or
diagnesis or both must exist.
10. On the whole, the existing stratigraphic classification of
the sand stones has been found to be satisfactory during the
course of the stud. Although it probably has very litt] validity
as far as real time is concerned, it is a good framework within
which to operate. There are some obvious misnomers such as
Bunter Pebble Beds in Area 5, but in general, it was noted that
the various generally accepted sub-divisions were characterised
by distinct differences in lithology. An interesting point which
emerged from the 1967 debate on the status of the British Trias
organised by the Geological Society of London was that, on curreni
knowledge, practically all the economically important Triassic
aquifers were laid down during the time span of a single stage,
the Scythian.
11. The following recommendations for future research are
made :
a) In the field of instrumentation, there is a need for
research into the feasibility of automating the basic
permeameter and porosimeter systems. It is anticipated
that the permeaineter instrument could be relatively
easily automated.
b) Further investigation is required of the air-water
correlation problem referred to above. Owing to the
difficult nature of the work and the need for equipment
of the highest possible quality, this research should
only be undertaken in an environment suitable for
measurement of standards.
c) The study of flow of water through bedrock aquifer
material at partial saturation would also be worth
investigating as a logical development of the work
already completed. Techniques for this work could
easily be 'borrowed' from the petroleum industry which
has wide experimental experience of xnultiphase fluid
flow of porous media, referred to in that literature as
"relative permeability".
d) To complete the picture of permeability variation in
the British Permo-Trias, cored boreholes are required
in areas whereas undue emphasis has had to be given to
outcrop material. Important locations are :
I
i. To the base of the Penrith Sandstone / Brockram
formation in the Carlisle district (Area 8) to
enable a full evaluation of the Kir]clinton, St Bees
and Penrith Sandstones to be made.
ii. To the base of the sand facies of the Durnfries
sandstone series to the north of Duinfries (Area 9)
to evaluate the sandstone at depth and to establish
the relationship of the breccias to the sandstone.
iii. To the base of the Bunter Sandstone in the Vale of
York in the Thirsk-Northallerton area of the Vale
of York (Area 6).
iv. To the base of the Bunter Sandstones in the Hartlepoo
- Stockton area (Area 6) of Teesside.
V. In the Devonshire Permo-Trias, where the majority of
wells have been drilled using reverse circulation
methods and cores have not been available for the
present study.
vi. In the various separated Permian basins in the south
of Scotland, particularly those of Lochmaben, Thornhi
and Mauchline.
12. Finally, it is emphasised that the present study has been
primarily a laboratory study ofaquifer properties. Much furthc
work will be required to evaluate the relationship between
intergranular and fissure flow in sandstone aquifers. In these
studies, it is hoped that use will be made of the new
parameter, T and the ratio Tp/Tt as described above.
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